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CHAPTER ONE
AN INTRODUCTION TO TRIVALENT ACTINIDE-LANTHANIDE SEPARATIONS
IN NUCLEAR WASTE REPROCESSING
Over the past several years there has been growing support for the development of
new energy sources in the United States. This increased fascination is correlated with
rising fossil fuel costs, diminishing availability, and increasing awareness of
environmental sustainability. The government has continually supported avenues of
alternative energy to combat these issues, and is currently seeking more sustainable
resources to address the nation’s growing energy dependence.
The development of nuclear energy, which has historically been considered a
viable solution, recently regained some of its popularity as an efficient energy source in
the United States. Since its introduction in 1958, there has been a considerable increase in
total energy production from nuclear power plants in the US. Figure 1 shows the steady
growth of net energy generation in billion kilowatt-hours from nuclear reactors over the
years. Today, there are 100 commercial reactors in the United States that account for 790
billion kilowatt-hours of energy, which is 19.2% of the nation’s total energy production.1
In an effort to decrease our reliance on fossil fuels, the current government administration
under President Barack OBama is committed to improving the nuclear energy process
and vowed to “increase nuclear energy R&D (research and development) spending by
39% to $495 million.”2 As a result, federal regulators have recently granted licenses to
1

2
build new nuclear reactor units for the first time in 36 years, and it is expected that 4-6
new units will be in use by 2020.3

Figure 1. Nuclear energy net generation in the United States from 1949 – 2011 as determined by the US
Energy Information Administration (EIA) in their 2013 annual energy review.

The benefits of nuclear energy as a major power source are highlighted by its
efficient energy conversion and abundant supply. A nuclear reaction of 1 kilogram of
uranium produces 3 million times the energy of an equivalent amount of coal; however,
nuclear waste storage and disposal are a major concern. Nuclear reactors today use
uranium oxide rods to produce energy. The UO2 rod is placed in a reactor and bombarded
with neutrons to initiate fission nuclear chain reactions that produce heat to boil water.
Unfortunately, the byproducts of these nuclear reactions create a radioactive cocktail that
contaminates uranium fuel rods after only 5% use, rendering the remaining 95%
unusable.4 Rods containing this radioactive cocktail, known as spent nuclear fuel (SNF),
are currently being stored in a variety of concrete containers until an acceptable method
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of waste reprocessing is established. The viability of nuclear energy for the future will
remain suspect until this waste issue is fully addressed in the next generation of advanced
nuclear fuel cycles.
The amount of waste produced from nuclear energy generation is alarming, and
the contents of this waste and safety concerns associated with it remain at the forefront of
controversy in the argument against nuclear energy. Since 1968, over 47,000 metric
tonnes of uranium (MTU) have been stored as spent fuel, and that number will only
increase with time.2 It takes thousands of years for the radioactive byproducts in spent
fuel to spontaneously transmute into nonradioactive elements (Figure 2), and the space
for storage is becoming very limited.5 The closing of large underground storage facilities,
such as Yucca Mountain, as well as the long preparation times required for barrel storage,
necessitates the need for an effective alternative solution.

Figure 2. Activity of high level waste contaminants in terabecquerels (TBq) from 1 tonne of spent fuel
versus time after discharge from reactor in years.

4
In order to combat this problem, the development of an applicable method for
reprocessing spent fuel is actively being sought to minimize the amount of waste created.
Ideally, this method will be incorporated into the next generation of nuclear fuel cycles
(Figure 3) and severely decrease waste production while allowing contaminate uranium
to be recycled.6

Figure 3. Purposed nuclear fuel cycle for the next generation of nuclear reactors from the World Nuclear
Administration that incorporates a waste remediation process and recycles contaminated uranium.

One method that was under consideration for SNF reprocessing is the UREX+
suite. This process utilizes a series of solvent extractions to separate out the various
contaminants in spent fuel in an effort to recover uranium in high purity so it may be
recycled.7 The separated contaminants can then be reactively decayed to lesser,

5
nonradioactive fissile products using artificial transmutation. Figure 4 is a schematic that
displays the overall UREX+ process.

Figure 4. Schematic of UREX+ process under consideration for spent fuel reprocessing in the US. Each
colored square represents a different chemical extraction, of which there are 3 phases: metal extraction,
acid scrub, and metal strip. The radioisotopes recovered from each step are indicated by arrows, and the red
squares indicate problematic contamination areas.

This method of spent fuel reprocessing is made up of a complex series of five
extraction techniques: UREX, CCD-PEG, NPEX, TRUEX, and Cyanex 301. In each
segment of the process different elements of SNF raffinate are separated out and
recovered using specific ligand extractants. This is accomplished in three steps during
each segment: a solvent extraction followed by an acid scrub followed by a concentrated
acid wash to strip the ligand from the metal. The UREX segment separates out uranium
and technetium, the CCD-PEG removes alkaline earth elements, the NPEX separates out
plutonium and neptunium, the TRUEX removes the actinides and lanthanides, and the
Cyanex 301 separates americium and curium from the lanthanides.
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This suite of solvent extraction processes, which was developed at Argonne
National Laboratory, was studied extensively before it was determined that poor
separation factors in the Cyanex 301 segment warranted abandonment of the procedure.
In an actual laboratory demonstration using spent nuclear fuel, the recovered product
from the Cyanex-301 extraction (blue square, Figure 4) showed contamination from
lanthanum, cerium, and other trivalent lanthanides.8 This contamination is a major
problem for artificial transmutation of trivalent actinides (An, Am, and Cm outlined in
red, Figure 4), which is necessary for reprocessing radioactive waste. Transmutation
requires steady neutron irradiation that is nearly impossible when trivalent lanthanides
(Ln(III)s) are present because of large neutron capture cross-sections. These crosssections act as giant nets that capture and absorb neutrons before they can be irradiated
on target trivalent actinide radioisotopes (An(III)s).9
It is therefore critical to develop a proven and effective An(III)/Ln(III) separation
method that may be incorporated into the UREX+ suite in place of the Cyanex 301
segment. The TALSPEAK+ process, developed at Oak Ridge National Laboratory, is a
classic solvent extraction technique used for this type of separation. It utilizes a
hydrophilic polyaminocarboxylic acid as a hold back reagent to separate An(III)s into an
aqueous phase, and a lipophilic phosphorous extractant to separates Ln(III)s into a nonaqueous phase; however, issues with these reagents have hampered its implementation as
an industrial scale solution. The method requires a high concentration of lactic acid to

+

TALSPEAK is derived from Trivalent Actinide Lanthanide Separations by Phorphorous-Extractants in
Aqueous Complexes
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facilitate the phase separation, and the An(III)/Ln(III) separation factor is too low to
achieve the purity required for artificial transmutation.10
While there has been previously reported work focused on understanding and
improving this separation,11-18 there is currently little information available concerning
the use of advanced polyaminocarboxylic acids in a TALSPEAK-type process.
Incorporating improved design elements into the hold back reagents of TALSPEAK
extractants might resolve some of the problems associated with the method. Ideally, these
advanced extractants would show improved selectivity and high affinity for An(III)s over
Ln(III)s, efficient phase transfer and separation properties, and operate below a pH of
3.00 to eliminate the need for acid buffering.

CHAPTER TWO
LIGAND DESIGN IN POLYAMINOCARBOXYLIC ACIDS INTENDED FOR
TRIVALENT ACTINIDE-LANTHANIDE SEPARATIONS
The most challenging aspect when designing ligands for An(III)/Ln(III)
separations, like those done in TALSPEAK, is exploiting the discreet differences that
exist between both actinide and lanthanide metals. The An(III)/Ln(III) separation is one
of the most difficult chemical separations known because of the very similar
physiochemical properties of the f-block elements. Both groups contain metals that
predominantly exist in a +3 oxidation state in solution, are hard acids according to the
Pearson Hard-Soft Acid-Base (HSAB) classification system19, and have very similar
ionic radii. In order to design a ligand that selectively interacts with one metal over the
other, electrostatic interactions and steric factors must be considered. These
characteristics can be introduced through ligand design principles that include
modification of the classic diamine backbone to achieve “steric” focus and reduced steric
hindrance, introduction of aromatic nitrogen-donors to provide selectivity, and inclusion
of carboxylic acid functionalities to impart complex stability.
The ability to improve selectivity for An(III)s over Ln(III)s using soft N-donor
atoms has previously been demonstrated in 2-pyridylmethyl substituted polyamino
diacetic acid compounds containing aromatic nitrogen donors.11 This increased
preference for An(III)s is due to a slight difference in the HSAB character of both metal
ions. The trivalent actinides, though classified as hard acids, are slightly softer than
8
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trivalent lanthanides due to the greater spatial expansion of the 5f versus the 4f atomic
orbitals. Table 1 displays the analytically determined binding constants (logK101) of
EDTA and two derivatives of EDTA that contain 2-pyridylmethyl substituted
functionalities, gem-H2bped and TPEN, from the literature.11,20
Table 1. Stability constants for EDTA and 2-pyridyl methyl substituted EDTA analogs
with trivalent actinide americium3+ (Am) and trivalent lanthanides europium3+ and
samarium3+ (Ln). Selectivity is calculated as a ratio of (Am):(Ln) using logK101 values

While the introduction of softer aromatic nitrogen donors does provide greater
An(III)/Ln(III) selectivity, it comes at the cost of stability. The affinity of each ligand for
americium in Table 1 decreases considerably as harder O-donors are replaced in favor of
2-pyridylmethyl groups containing softer N-donors. This inverse correlation presents a
unique challenge in the principle design of solvent extractants that necessitates the need
for advanced design principles. The ideal candidate for use as a hold back reagent in a
TALSPEAK-type extraction should not only show improved selectivity for actinides over
lanthanides, but also maintain stability.
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Introducing steric focus through modification of the diamine backbone in ligands
containing both aromatic nitrogen donors and oxygen donors provides an avenue through
which An(III)/Ln(III) selectivity may increase without compromising metal complex
stability. Steric focus can be accomplished by increasing backbone chain length to
provide a binding pocket that closely matches the ionic radius of a desired metal ion, or
by restricting ligand mobility through groups that stereochemically “focus” the ligand in
a favorable arrangement for metal complexation. This type of alteration can reduce the
preorientation energy required for the ligand to complex a desired metal ion, thereby
improving the likelihood of metal-ligand coordination.
The effect of sterically focusing a ligand was previously investigated by Ogden et
al. in amines through modification of the diamine backbone as shown in Table 2.23 Their
results indicate that both selectivity and stability do indeed increase upon addition of a
sterically focused cyclohexyl backbone. Unfortunately, the measured stability constants
of these amines are too low for practical use in industrial scale An(III)/Ln(III) separations,
however, the results show that steric interactions can have a profound effect on metalligand binding properties.
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Table 2. Binding constants (logK101) and selectivity of ligands with different diamine
backbones for the trivalent lanthanide neodymium3+ (Nd) and trivalent actinide
americium3+ (Am)

The work presented in this thesis involves the design, synthesis, and investigation
of symmetrically di-substituted polyamino diacetic acids with varying diamine
backbones, H2bpad*, and their complexation of trivalent metal ions Al(III), Co(III),
Ga(III), In(III), and selected lanthanides. The ligands under consideration for this
investigation were synthesized by a novel two step synthetic procedure. This sequential
procedure provided improved product yields from simple starting materials at a low cost,
which is important when considering industrial scale applications, and resulted in the
ligands N,N'-bis(2-pyridylmethyl)-1,2-diaminoethane-N,N'-diacetic acid (H2bped), N,N'bis(2-pyridylmethyl)-1,3-diaminopropane-N,N'-diacetic acid (H2bppd), and N,N'-bis(2pyridylmethyl)-trans-1,2-diaminocyclohexane-N,N'-diacetic acid (H2bpcd). These
ligands belong to a relatively small group of diamino diacetic acids that contain softer
aromatic nitrogen donor groups, Figure 5. The addition of the aromatic pyridine
*

bpad is derived from N,N'-bis(2-pyridylmethyl)-amine-N,N'-diacetic acid, where amine is used generally
to represent different diamino backbones incorporated at the R position in Scheme 1 on page 18.
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functionalities not only increases ligand selectivity for softer metal ions, but also provides
greater stability towards radiolysis.11 The harder acetic acid functionalities improve
complex stability. The members of this group of diacetic acids, however, differ in the
nature of the diamine backbone in the case of A, C, and D.

Figure 5. The diamino diacetic acids, H2bped (A), gem-H2bped (B), H2bpcd (C), and H2bppd (D).

The ethylenediamine backbone, featured above in A and B, is a classic scaffold
used for the construction of polydentate ligands of this type. The amine nitrogens are
ideal for functionalization, which allows different donor atom groups to be incorporated
in the ligand’s design. The close proximity of the diamine nitrogens also maximizes the
number of possible five- and six-membered rings capable of forming upon complexation
to a metal ion. H2bped (A) is a hexadentate 2-pyridylmethyl disubstituted carboxylic acid
based on this scaffold.26 The closely related gem-substituted derivative, gem-H2bped (B),
is an analog of H2bped that is also based on the ethylenediamine scaffold but features a
1,1-disubstitution rather than a 1,2-disubstitution.11 The C−C chain length between the
nitrogen atoms in the diamine backbone of both these ligands allows for the formation of
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five-membered chelate rings. Hancock has shown the formation of five-membered
chelate rings to be more favorable for larger metal ions than for smaller metal ions.24
H2bpcd (C), is similar to A and B, but it incorporates the ethylenediamine backbone into
a cyclohexyl group. The cyclohexyl group restricts the ligand’s flexibility and provides
steric focus of the acetate functionalities for complexation. In contrast, H2bppd (D)
features a 1,3-diaminopropane backbone that provides greater flexibility compared to A,
B, or C because of increased chain length in the backbone. This increase in chain length
allows for a 6-membered chelate ring to form in the diamine unit of the backbone upon
metal coordination, which has been shown to increase the stability of smaller metal ion
complexes relative to 5-membered rings.24
The properties of the H2bpad ligands were studied in metal-bpad2− complexes
using a variety of investigative techniques. Metal-bpad2− complexes, isolated as
hexafluorophosphate salts, were characterized by elemental analysis, mass spectrometry,
infrared, and 1H and 13C NMR spectroscopy. [Co(bppd)]PF6, [Co(bpcd)]PF6,
[Ga(bppd)]PF6, and [Ga(bpcd)]PF6 crystals suitable for X-ray analysis were obtained
using various crystallization techniques, and their pseudo-octahedral structures were
solved by direct X-ray crystallography methods.25,26 Additional Al(III), In(III), and
Ln(III)-bpad2− compounds, however, could not readily be crystalized using similar
procedures. This is likely due to difficulties arising from the flexibility of the ligand
species and the many geometric and coordination isomers that are possible when a metalligand complex forms.26-29 The study of the coordination properties of these ligands,
however, is necessitated by the overwhelming interest in their possible application. In
addition to their potential as solvent extractants for SNF reprocessing,
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polyaminocarboxylic acids and their derivatives are of considerable interest as
complexing agents in magnetic resonance imaging when coordinated to lanthanides and
in nuclear medicine when coordinated to radioactive Group 13 nuclides.11,30-32 Lipophilic
derivatives of polyaminocarboxylic acids are also of interest for application in extraction
chromatography of radioisotopes for radiopharmaceuticals and other radioanalytical
applications.33-35
Although several groups, particularly Caravan and coworkers,27,30 have directed
considerable effort at X-ray structural characterization of 2-pyridylmethyl-substituted
polyaminocarboxylate complexes, it is clear that the time and effort involved in these
studies makes development of efficient alternative determinative techniques desirable.
Exploring correlations between the spectral features of [M(bpad)]+ complexes and their
structures to establish criteria that differentiate among different types of carboxylate
bonding and cis- and trans- geometric isomers is particularly useful for compounds
where no X-ray data are available. In the present study, the [Co(bppd)]PF6,
[Co(bpcd)]PF6, and [Ga(bpcd)]PF6 structures display acetate O atoms bound in a transorientation, whereas the [Ga(bppd)]PF6 structure displays acetate O atoms oriented ciswith respect to each other. A third possible [M(bppd)]+ isomer with trans-Npy,Npy
pyridine groups has only been observed as a heptacoordinated FeII-H2bpcd complex with
protonated acetic acid functionalities.36 The three possibly geometric isomers for metalbpad complexes are displayed in Figure 6.

15

Figure 6. The three possible geometric isomers observed in metal-bpad complexes.

In order to gain further insight into the coordination chemistry of these ligands,
the relative energies of the three possible geometric isomers for pseudo-octahedral
trivalent metal complexes, [M(bpad)]+, were obtained by Dr. Jan Florián using quantum
mechanical calculations. His calculations provided the complex stabilities in solution of
different coordination geometries relative to the trans-O,O isomer for H2bpad ligands
with different backbones when bound to various trivalent metal ions. IR spectroscopy
was used concurrently with these calculations to investigate the nature of the metalbpad2− complexes isolated in the solid state and the binding modes of the acetate
functionalities. The spectra indicate that fully deprotonated [M(bpad)]+ complexes, as
well as partially protonated [M(Hbpad)Cl]+ complexes, in some instances, were isolated.
In addition, 1H, 13C, and advanced 2D NMR spectroscopy were used to differentiate
among the cis- (C1 symmetry) and the trans- (C2 symmetry) isomers in metal-bpad2−
complexes. The 1H and 13C assignments for H2bpad and metal-bpad2− complexes were
made on the basis of 2D COSY, NOESY, and 1H-13C HSQC experiments. These results
were collectively analyzed to determine the effect of increased chain length and steric
focus on the binding properties of H2bpad ligands, and to identify potential candidates for
industrial scale solvent extraction processes for nuclear waste remediation.

CHAPTER THREE
EXPERIMENTAL METHODS
Reagents. Reagent grade aluminum chloride hexahydrate, cobalt chloride
hexahydrate, dysprosium nitrate hexahydrate, lanthanum nitrate hexahydrate, neodymium
nitrate hexahydrate, samarium nitrate hexahydrate, indium nitrate hydrate, lutetium
nitrate hexahydrate, and gallium nitrate hydrate obtained from Fisher Scientific, were
used as received. Reagent grade sodium hexafluorophosphate, potassium hydrogen
phthalate (KHP), 1,2-diaminoethane, 1,3-diaminopropane, anyhydrous methanol, 2pyridinecarboxaldyde, bromoacetic acid, 30% by weight hydrogen peroxide, sodium
borohydride, trans-1,2-diaminocyclohexane, deuterated chloroform (CDCl3), deuterated
acetonitrile (CD3CN), deuterated dimethyl sulfoxide (DMSO-d6), and deuterium oxide
(D2O), obtained from Sigma Aldrich Chemical Co., were used without further
purification. Dowex 50W-X8 (100-200 mesh) cation exchange resin was obtained from
Fischer Scientific and prepared by washing with a solution of 30% by weight H2O2 (33
mL) in 1.79 M NaOH (67 mL) followed by a second wash with copious amounts of
deionized water. The resin was swollen in the column by eluting with 6 M HCl and
washed again with copious amounts of deionized water.
Methods. Combustion analyses were done by Galbraith Laboratories, Inc.,
Knoxville, TN using GLI Procedure ME-14. Equivalent weight titrations with 0.02 M
NaOH, standardized against KHP, were conducted in a 50 mL glass flow through cell
16
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using phenolphthalein as the indicator. All 1H and 13C NMR spectra, as well as 1H COSY
spectra, were recorded on a Varian Unity INOVA 500 MHz spectrometer. 1H and 13C
NMR spectra for samples in CDCl3 were referenced to internal TMS. 1H and 13C NMR
spectra recorded for samples in D2O, CD3CN, and DMSO-d6 were referenced to residual
solvent,37 however, 13C NMR spectra recorded for samples in D2O were referenced to
external DSS. The 1H NOESY correlation spectra were recorded on a Varian Unity
INOVA 300 MHz spectrometer. The 1H-13C-detected heteronuclear single-quantum
coherence (HSQC) experiments were performed on a Aglient DD2 500 MHz
spectrometer. Mass spectra were obtained with an Agilent 6460 Triple Quad LC/MS
instrument in full scan mode by direct infusion using an aqueous 70% by mass ethanol
solution. Intensity data for solving the [M(bpad)]PF6 structures were collected on a
Bruker SMART Apex 2 diffractometer. Infrared spectra were obtained on a Thermo
Nicolet Nexus 470 FTIR spectrometer calibrated in the 4000-400 cm-1 spectral range
using polystyrene. Samples were prepared as KBr pellets or fluorolube mulls, and run
with air as the background. The spectra were checked as nujol and/or fluorolube mulls.
Routine spectra were recorded collecting 32 scans at 4 cm-1 resolution.
Ligand Synthesis. The syntheses of the 2-pyridylmethyl-substituted diamines and
their subsequent elaboration to the diacetic acids were achieved using the same
procedures that are given here in detail only for the 1,3-diaminopropane derivatives. The
H2bpad ligands presented below have previously been prepared using different synthetic
procedures that resulted in isolation of the compounds as HCl, HBr, and HClO4
salts.29,36,37 These procedures incorporated different starting materials and nucleophiles
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that resulted in relatively low yields (50% and below). The reactions successfully carried
out in the present study resulted in the isolation of each ligand as hydrochloride salts in
good yield, and are summarized in Scheme I.
■ Caution Bromoacetic acid is a very reactive and toxic, strong alkylating agent
that should be used in a hood while wearing gloves.
Scheme I. General synthesis for polyaminocarboxylic acids with various diamino backbones #

#

ligand backbone is varied at the R position of the synthetic scheme.

Scheme I shows the facile, two-step procedure for the synthesis of H2bpad using
simple starting reagents that employs bromoacetic acid, a strong alkylating agent, to
provide improved yields. Step 1 of the synthesis is a sequential, one pot preparation of
the 2-pyridylmethyl-substituted diamine that builds upon earlier synthetic work reported
by Nash and coworkers.23 In the synthesis of the precursor diamine, activated molecular
sieves are used to drive the reaction to completion by scavenging the water produced
during formation of the diimine. Reduction of the diimine to the diamine is nearly
quantitative and the di-2-methylpyridyl-substituted product is obtained in high purity.
Step 2 of the synthesis involves elaboration of the diamine to the diacetic acid using two
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equivalents of bromoacetic acid. Reaction of the diamine with bromoacetic acid leads
cleanly to the desired diacetic acid product in good yield (60%). The use of bromoacetic
acid results in higher yields than those obtained using chloroacetic acid as the alkylating
agent.38 The ion exchange chromatography used to remove the sodium halide by-products
of the alkylation reaction results in the diamine product being isolated as a hydrochloride,
which is hydroscopic.
N,N'-bis(2-pyridylmethyl)-1,3-diaminopropane, bpmdap. A solution of 1,3diamino-propane (1.12 g, 15 mmol) in anhydrous methanol (25 mL) was allowed to stir
under a N2 atmosphere in the presence of freshly activated 3 Å molecular sieves (5 g) for
15 minutes. A solution of 2-pyridinecarboxaldehyde (3.246 g, 30 mmol) in anhydrous
methanol (25 mL) was then slowly added drop-wise with continuous stirring. After the
addition was complete, the reaction was refluxed for 3 hours and the resulting yelloworange mixture filtered to remove the molecular sieves. The filtrate was returned to the
original reaction vessel, cooled to 0 °C, and solid NaBH4 (1.32, 35 mmol) slowly added
with efficient stirring. The reaction mixture was warmed to room temperature and
refluxed for an additional 2 hours. After the reaction mixture cooled to room temperature,
a solution of NaOH (5 g in 17 mL H2O) was added and the resulting red-orange solution
was extracted with methylene chloride (4 x 20 mL portions). The CH2Cl2 was dried over
anhydrous potassium carbonate, filtered, and the diamine product isolated as a viscous oil
by evaporation under reduced pressure at 60 °C. Yield: 4.1 g (13.7 mmol, 91%). 1H NMR
(ppm, CDCl3): 1.59 (p, 2H, NHCH2CH2CH2NH, J = 7.6 Hz), 2.42 (t, 4H,
NHCH2CH2CH2NH, J = 7.5 Hz), 3.66 (s, 4H, NHCH2py), 7.19 (t, 2H, NCCHCHCHCH,
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J = 6.8 Hz), 7.25 (d, 2H, NCCHCHCHCH, J = 8.5 Hz), 7.68 (t, 2H, NCCHCHCHCH, J =
8.0 Hz, 1.5 Hz), and 8.32 (d, 2H, NCCHCHCHCH. J = 5.2 Hz).
N,N’-bis(2-pyridylmethyl)-trans-1,2-diaminocyclohexane, bpmdac. Yield: 4.1
g (14 mmol, 91%). 1HNMR (ppm, CDCl3): 1.05 (p, b, 2H, NHCH(C4H8)CHNH, J = 8.4
Hz), 1.21 (t, 2H, NHCH(C4H8)CHNH, J = 10.1 Hz), 1.70 (d, b, 2H,
NHCH(C4H8)CHNH, J = 8.1 Hz), 1.89 (s, vb, 2H, NH(C6H10)NH), 2.12 (d, 2H,
NHCH(C4H8)CHNH, J = 13.2 Hz), 2.60 (t, 2H, NHCH(C4H8)CHNH, J = 4.5 Hz), 3.91
(dd, 4H, NHCH2py, J = 14.1 Hz), 7.11 (td, 2H, NCCHCHCHCH, J = 6.15 Hz, 1.2 Hz),
7.37 (d, 2H, NCCHCHCHCH, J = 7.8 Hz), 7.60 (td, 2H, NCCHCHCHCH, J = 7.7 Hz,
1.8 Hz), and 8.31 (d, 2H, NCCHCHCHCH, J = 6.6 Hz).
N,N'-bis(2-pyridylmethyl)-1,2-diaminoethane, bpmdae. Yield: 3.53 g (14.7
mmol, 98%). 1H NMR (ppm, CDCl3): 2.83 (s, 4H, NHCH2CH2NH), 3.92 (s, 4H,
NHCH2py), 7.14 (td, 2H, NCCHCHCHCH, J = 6.2 Hz, 0.6 Hz), 7.30 (d, 2H,
NCCHCHCHCH, J = 7.8 Hz), 7.62 (td, 2H, NCCHCHCHCH, J = 7.7 Hz, 1.9 Hz), and
8.54 (d, 2H, NCCHCHCHCH, J = 4.8 Hz).
N,N'-bis(2-pyridylmethyl)-1,3-diaminopropane-N,N'-diacetic acid trihydrochloride, H2bppd·3HCl. A solution of bpmdap (3.48 g, 13.7 mmol) in 40 mL of
cold deionized water was placed in an ice bath and stirred under N2 for 15 minutes. A
solution of bromoacetic acid (4.17 g, 30 mmol, in 9.0 mL of H2O) was neutralized with
NaOH (1.2 g in 16.8 mL of H2O, 30 mmol) and slowly added drop-wise to the cold
bpmdap solution. After the addition was complete, a second aliquot of NaOH (1.1 g in
15.3 mL of H2O, 27.4 mmol) was added to the yellow-brown reaction mixture and stirred
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overnight at room temperature. The strongly basic reaction mixture was extracted with
methylene chloride, CH2Cl2, (4 x 20 mL portions) to remove unreacted amine and neutral
organic impurities. The crude product was isolated from the aqueous phase by
evaporation under reduced pressure at 60 °C. The isolated solid was dissolved in a
minimal amount of deionized water, loaded onto a Dowex 50W-X8 cation exchange
column (10 g, 20 mm x 38 cm, resin height 12 cm), and washed with 3 column volumes
of water followed by 6 column volumes of 1.0 M HCl to remove Na+ ions. The pure
H2bppd product was eluted as the tri-hydrochloride salt using 6 column volumes of 3.0 M
HCl. (H2bppd elutes more rapidly at higher HCl concentrations, but a lower purity
product may be obtained.) The diacetic acid was obtained as a white, hydroscopic solid
by evaporation of the 3 M HCl eluent under reduced pressure at 60 °C and dried in vacuo
overnight at 60 °C. The bulk material was obtained as a trihydrate. Yield: 4.3 g (9.0
mmol, 60%). Anal. obs. (calc.) for C19H24N4O4·3HCl·3H2O: C, 42.07 (42.59); H, 5.77
(6.20); N, 9.99 (10.45). IR (ν(cm-1), fluorolube): 3356-2495 (s, b, O-H, N-H+ str), 1727
(s, C=O str), 1609 (m, O-H, N-H+ def), 1549 (m, py str), 1524 (m, py str), 1461 (m, CH2
def), 1404 (m, C-O str). Equiv. Wt: obs. 103 g/eq.H+; calc. 107 g/eq.H+.
N,N’-bis(2-pyridylmethyl)-trans-1,2-diaminocyclohexane-N,N’-diacetic acid
di-hydrochloride, H2bpcd·2HCl. H2bpcd was synthesized from a solution of bpmdac
(6.27 g, 20.0 mmol) as previously described using an excess of bromoacetic acid (6.66 g,
48.0 mmol). The pure H2bpcd product was eluted as the dihydrochloride salt using 3
column volumes of 6.0 M HCl on a Dowex 50W-X8 cation exchange column (12 g, 20
mm x 38 cm, resin height 13 cm). The diacetic acid was obtained as a white, hydroscopic
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solid by evaporation of the 6 M HCl eluent under reduced pressure at 60 °C and dried in
vacuo overnight at 60 °C. The bulk material was obtained as a partial hydrate. Yield: 6.44
g (13.0 mmol, 65%). Anal. obs. (calc.) for C22H28N4O4∙2HCl∙0.5H2O: C, 53.33 (53.44);
H, 6.38 (6.42); N, 11.70 (11.33); 1H NMR (ppm, D2O): 1.55 (t, 2H, NHCH(C4H8)CHNH,
J = 9.5 Hz), 1.75 (d, 2H, NHCH(C4H8)CHNH, J = 8.5 Hz), 2.09 (d, 2H,
NHCH(C4H8)CHNH, J = 9.0 Hz), 2.46 (d, 2H, NHCH(C4H8)CHNH, J = 13 Hz), 3.63 (m,
2H, NHCH(C4H8)CHNH, J = 5.8 Hz), 4.00 (q, 4H, NHCH2py, J = 18 Hz), 4.67 (s, 4H,
NHCH2COOH), 8.11 (t, 2H, NCCHCHCHCH, J = 6.5 Hz), 8.23 (d, 2H,
NCCHCHCHCH, J = 8.0 Hz), 8.62 (t, 2H, NCCHCHCHCH, J = 7.8 Hz), and 8.87 (d,
2H, NCCHCHCHCH, J = 4.5 Hz). 13C NMR (ppm, D2O): 26.27, 26.66, 53.51, 57.16,
66.45, 129.54, 130.49, 146.35, 148.46, 151.27, and 175.58. IR (ν(cm-1), fluorolube): 3400
(m, b, N-H+ str), 3251 (m, C-H str), 2935 (s, CH2 str), 2862 (s, CH2 str), 1712 (s, C=O
str), 1617 (s, N-H+ def), 1542 (m, py str), 1449 (m, CH2 def), 1402 (m, C-O str). Equiv.
Wt.: Obs. 123 g/eq.H+; Calc. 124 g/eq.H+.
N,N'-bis(2-pyridylmethyl)-1,2-diaminoethane-N,N'-diacetic acid tetrahydrochloride, H2bped·4HCl. Yield: 5.3 g (11.4 mmol, 77%). Anal. obs. (calc.) for
C18H22N4O4·4HCl·H2O: C, 40.85 (41.40); H, 5.06 (5.40); N, 10.52 (10.73). 1H NMR
(ppm, D2O): 3.41 (s, 4H, NCH2CH2N), 3.73 (s, 4H, NCH2py), 4.49 (s, 4H, NCH2COOH),
7.83 (td, 2H, NCCHCHCHCH, J = 6.9 Hz, 0.6 Hz), 7.92 (d, 2H, NCCHCHCHCH, J =
7.5 Hz), 8.35 (td, 2H, NCCHCHCHCH, J = 7.9 Hz, 1.8 Hz), and 8.66 (d, 2H,
NCCHCHCHCH, J = 5.7 Hz). IR (ν(cm-1), fluorolube): 3384-2495 (s, b, O-H, N-H+ str),
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1727 (s, C=O str), 1609 (m, O-H, N-H+ def), 1542 (m, py str), 1524 (m, py str), 1461 (m,
CH2 def), 1405 (m, C-O str). Equiv. Wt: obs. 89 g/eq.H+; calc. 87 g/eq.H+.
Synthesis of Metal Complexes. The synthesis for hexacoordinated metal
complexes with fully deprotonated bpad2− ligand is summarized in Scheme II. This
synthesis, which is carried out in anhydrous methanol, starts by neutralizing the acidic
hydrogen atoms of the isolated H2bpad hydrochloride with an equivalent amount of
sodium acetate. In this case, the reaction is carried out under reflux conditions to improve
the kinetics of metal complexation. The complex ion, [M(bpad)]+, precipitates out of
solution upon addition of the PF6− counter ion. The syntheses of the mono-protonated
metal-bppd2− complexes, [M(Hbppd)Cl]+, were conducted in an analogous fashion
employing the stoichiometric amount of sodium acetate that only neutralized only the
HCl solvate. The Ln[bpad]+ salts were prepared using the synthesis outlined in Scheme
II, but the reaction was carried out at room temperature to prevent the inclusion of
inorganic salts.27
Scheme II. Synthetic procedure for preparing metal-bpad2− compounds#

#

ligand backbone is varied at the R position of the synthetic scheme.
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The synthetic procedures for the Group 13 metal complexes, [M(bpad)]PF6 and
monoprotonated [M(Hbpad)Cl]PF6 were similar in all cases and given here in detail only
for metal complexes of the bppd2− ligand. One representative synthesis is given for each
unique procedure. The Ln[bpad]PF6 compounds were prepared at room temperature in a
similar manner, but the chloride salts were used for the lighter lanthanides, La(III) and
Nd(III), to avoid inclusion of inorganic salts.27
Na2bppd. H2bppd·3HCl∙3H2O (48.2 mg, 0.09 mmol) was dissolved in 5 mL
deionized water and neutralized with NaOH (18.0 mg in 237 µL of H2O, 0.45 mmol).
The solution was allowed to stir for 30 min and a white solid was collected by
evaporation at 60 °C under reduced pressure. Yield: 35.0 mg, (0.08 mmol, 90%). IR
(ν(cm-1), fluorolube): 3080 (s, b, O-H str), 3030 (m, C-H aryl str), 2934 (m, CH2 str),
2807 (m, CH2 str), 1588 (s, COO− str), 1474 (w, py str), 1433 (m, CH2 def), 1405 (s,
COO− str).
Na2bpcd. Yield: 37.1 mg, (0.086 mmol, 95%). IR (ν(cm-1), fluorolube): 3356 (s,
b, O-H str), 2923 (m, CH2 str), 2851 (m, CH2 str), 1590 (s, COO− str), 1433 (m, CH2 def),
1408 (m, COO− str).
[Al(bppd)]PF6. A solution of AlCl3·6H2O (84 mg, 0.34mmol) in anhydrous
methanol (25 mL) was added drop-wise with efficient stirring to a solution of
H2bppd·3HCl∙3H2O (182 mg, 0.34 mmol) in anhydrous methanol (25 mL) under a N2
atmosphere. After the addition was complete, sodium acetate (139 mg, 1.7 mmol) was
added as a dry solid to the colorless solution. The reaction was refluxed for 30 min and
allowed to cool to room temperature. The solution was filtered, and sodium
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hexafluorophosphate (59 mg, 0.35 mmol) was added to the reaction mixture, and allowed
to stir for 15 minutes. The reaction mixture was filtered and allow to stand overnight at
room temperature. The crude product that formed was collected by suction filtration,
dissolved in a minimal amount of hot methanol (~15 mL), and stirred for 15 minutes. The
mixture was filtered warm and the filtrate was collected in a 50 mL beaker. A white solid
precipitated from the filtrate upon standing overnight. The solid was washed with cold
methanol (3 x 5 mL), acetone (3 x 5 mL), and dried in vacuo overnight at 65 oC. Yield
140 mg (0.26 mmol, 77%). MS (+ESI): m/z 397.2 ([27Al]+, [AlC19H22N4O4]+). IR (ν(cm1

), KBr): 3057 (m, b, C-H aryl str), 2955 (m, b, CH2 str), 2850 (m, b, CH2 str), 1670 (s, b,

COO− str), 1617 (s, py str), 1577 (w, py str), 1466 (m, CH2 def), 1442 (m, CH2 def),
1385 (m, COO−).
[Al(bpcd)]PF6. Yield: 123 mg (0.23 mmol, 70%). IR (ν(cm-1), KBr disk): 3044
(m, C-H aryl str), 2955 (m, CH2 str), 2837 (m, CH2 str), 1709 (s, COO− str), 1615 (m, py
str), 1569 (w, py str), 1485 (m, CH2 def), 1450 (m, CH2 def), 1323 (m, COO−).
[Ga(bppd)]PF6. After bulk synthesis as above, crystals suitable for X-ray
diffraction studies were obtained by slow evaporation of a methanol solution at 16 °C.
The colorless needles were collected and washed with cold methanol and acetone (3 x 2
mL portions each). Analyses were conducted on the crystalline material used in the X-ray
diffraction studies. Yield: 119 mg (0.20 mmol, 60%). Anal. obs. (calc.) for
GaC19H22N4O4PF6: C, 39.00 (38.82); H, 3.79 (3.89); N, 9.58 (9.18). MS (+ESI): m/z
439.2 and 441.2 ([69Ga]+ and [71Ga]+, [GaC19H22N4O4]+). IR (ν(cm-1), KBr): 3124 (m, b,
C-H aryl str), 3074 (m, b, C-H aryl str), 3044 (m, b, C-H aryl str), 2984 (m, b, CH2 str),
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2956 (m, b, CH2 str), 2903 (m, b, CH2 str), 1683 (vs, COO− str), 1610 (m, py str), 1574
(w, py str), 1492 (w, py str), 1475 (m, py str), 1451 (m, CH2 def), 1437 (m, CH2 def),
1348 (s, COO− str).
[Ga(bpcd)]PF6. Yield: 161 mg (0.38 mmol, 84%). 1H NMR (ppm, DMSO-d6):
0.53 (s, b, 2H, NHCH(C4H8)CHNH), 0.89 (s, b, 4H, NHCH(C4H8)CHNH), 1.13 (s, b,
2H, NHCH(C4H8)CHNH), 2.41 (s, 2H, NHCH(C4H8)CHNH), 2.72 (q, AX, 4H,
NHCH2py, J = 18 Hz), 3.70 (q, AX, 4H, NHCH2COOH, J = 15.3 Hz), 7.02 (t, 4H,
NCCHCHCHCH, J = 9.0 Hz), 7.55 (s, b, 2H, NCCHCHCHCH), and 8.26 (s, 2H,
NCCHCHCHCH). 13C NMR (ppm, DMSO-d6): 22.67, 23.92, 52.30, 59.412, 63.42,
126.19, 126.38, 142.85, 146.70, 152.15, and 170.39. IR (ν(cm-1), fluorolube): 2939 (m,
CH2 str), 2868 (m, CH2 str), 1670 (s, COO− str), 1612 (m, py str), 1571 (w, py str), 1488
(m, py str), 1445 (m, CH2 def), 1342 (m, COO−).
[In(bppd)]PF6. Yield: 55 mg (0.09 mmol, 26%). Anal. obs. (calc.) for
InC19H22N4O4PF6: C, 36.12 (36.21); H, 4.12 (3.52); N, 8.56 (8.89). MS (+ESI): m/z 485.2
([115In]+, [InC19H22N4O4]+). IR (ν(cm-1), KBr): 3063 (m, C-H aryl str), 2925 (m, CH2 str),
2854 (m, CH2 str), 1644 (vs, COO− str), 1607 (s, py str), 1485 (w, py str), 1444 (m, CH2
def), 1384 (s, COO− str).
[In(bpcd)]PF6. Yield: 167 mg (0.28 mmol, 80%). IR (ν(cm-1), nujol mull): 3045
(m, C-H aryl str), 2945 (m, CH2 str), 2815 (m, CH2 str), 1636 (vs, COO− str), 1512 (w, py
str), 1488 (m, CH2 def), 1374 (m, COO−).
[Al(Hbppd)Cl]PF6. A solution of H2bppd·3HCl∙3H2O (268 mg, 0.50 mmol) in
anhydrous methanol (25 mL), neutralized with 3 equivalents of sodium acetate (123 mg,
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1.5 mmol), was added drop-wise to a stirred solution of AlCl3·6H2O (121 mg, 0.50
mmol) in anhydrous methanol (20 mL) under a N2 atmosphere. The reaction mixture was
heated to reflux and solid sodium hexafluorophosphate (59 mg, 0.35 mmol) slowly added
after the heating was stopped. The reaction mixture was stirred for 20 minutes and
filtered hot. The filtrate was collected, cooled, and [Al(Hbped)Cl]PF6 formed as a white
solid upon standing overnight at room temperature. The product was collected by suction
filtration, washed with cold methanol (2 x 5 mL portions) and ether (2 x 5 mL portions)
and dried in vacuo overnight at 65 °C. Yield 61 mg (0.11 mmol, 22%). MS (+ESI): m/z
433.2 and 435.2 ([27Al and 35Cl]+ and [27Al and 37Cl]+, [AlC19H23N4O4Cl]+). IR (ν(cm-1),
fluorolube): 3230 (s, b, O-H str), 3067 (s, C-H aryl str), 3007 (s, CH2 str), 2957 (s, CH2
str), 1735 (m, C=O str), 1636 (s, COO− str), 1618 (s, py str), 1546 (w, py str), 1395 (s,
COO−).
[Ga(Hbppd)Cl]PF6. Yield: 54 mg (0.09 mmol, 26%). MS (+ESI): m/z 475.2 and
477.2 ([69Ga and 35Cl]+ and [71Ga and 35Cl]+, [GaC19H23N4O4Cl]+). IR (ν(cm-1), KBr):
3434 (s, b, O-H str), 2961 (m, CH2 str), 1734 (s, C=O str), 1653 (vs, COO− str), 1616 (s,
py str), 1577 (w, py str), 1488 (w, py str), 1448 (m, CH2 def), 1384 (s, COO−).
[In(Hbppd)Cl]PF6. Yield: 167 mg (0.28 mmol, 64%). MS (+ESI): m/z 521.1 and
523.1 ([115In and 35Cl]+ and [115In and 37Cl]+, [InC19H23N4O4Cl]+). IR (ν(cm-1), KBr):
3486 (s, b, O-H str), 3067 (m, C-H aryl str), 2952 (m, CH2 str), 1731 (s, C=O str), 1608
(vs, COO− str), 1542 (m, py str), 1484 (w, py str), 1445 (s, CH2 def), 1384 (s, COO−).
[La(bppd)]PF6∙2H2O. Yield: 117 mg (0.18 mmol, 53%). Anal. obs. (calc.) for
LaC19H22N4O4PF6∙2H2O: C, 32.85 (33.05); H, 3.42 (3.79); N, 8.36 (8.12). MS (+ESI):
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m/z 509.2 ([139La]+, [LaC19H22N4O4]+). IR (ν(cm-1), fluorolube): 3382 (m, b, O-H str),
3060 (m, C-H aryl str), 2963 (m, CH2 str), 2855 (m, CH2 str), 1601 (vs, b, COO− str),
1443 (s, CH2 def), 1413 (s, COO− str).
[La(bpcd)]PF6∙3H2O. Yield: 104 mg (0.15 mmol, 40%). Anal. obs. (calc.) for
LaC22H28N4O4PF6∙3H2O: C, 35.34 (35.30); H, 4.27 (4.11); N, 7.55 (7.49). 1H NMR (ppm,
D2O): 1.01 (t, 2H, NHCH(C4H8)CHNH, J = 9.8 Hz), 1.20 (m, b, 2H,
NHCH(C4H8)CHNH, J = 9.8 Hz), 1.72 (d, 2H, NHCH(C4H8)CHNH, J = 8.0 Hz), 2.18
(d, 2H, NHCH(C4H8)CHNH, J = 11.5 Hz), 2.79 (t, 2H, NHCH(C4H8)CHNH, J = 4.8 Hz),
3.29 (q, AB, 4H, NHCH2py, J = 16.5 Hz), 4.24 (q, AB, 4H, NHCH2COOH, J = 16 Hz),
7.61 (m, 4H, NCCHCHCHCH, J = 8.0 Hz), 8.09 (td, 2H, NCCHCHCHCH, J = 7.8 Hz, J
= 1.5 Hz), and 8.62 (d, 2H, NCCHCHCHCH, J = 4.5 Hz). 13C NMR (ppm, D2O): 26.65,
32.95, 57.64, 60.26, 63.60, 127.36, 127.58, 143.76, 151.33, 159.07, and 182.22. IR
(ν(cm-1), fluorolube): 3383 (m, b, O-H str), 2939 (w, CH2 str), 2866 (w, CH2 str), 1606
(vs, COO− str), 1488 (m, py str), 1450 (m, CH2 def), 1414 (m, COO− str).
[Nd(bppd)]PF6∙3H2O. Yield: 218 mg (0.30 mmol, 88%). Anal. obs. (calc.) for
NdC19H22N4O4PF6∙3H2O: C, 31.75 (31.97); H, 3.89 (3.95); N, 8.12 (7.86). MS (+ESI):
m/z 512.2 ([141Nd]+, [NdC19H22N4O4]+). 1H NMR (ppm, D2O): 2.00 (s, 2H,
NCH2CH2CH2N), 3.16 (s, 4H, NCH2CH2CH2N), 3.98 (s, 4H, NCH2COO), 4.41 (s, 4H,
NCH2py), 7.60 (s, 4H, NCCHCHCHCH and NCCHCHCHCH), 7.99 (s, 2H,
NCCHCHCHCH), and 8.85 (s, vb, 2H, NCCHCHCHCH). 13C NMR (ppm, D2O): 22.98,
C(10); 51.78, C(9); 54.79, C(7); 61.05, C(6); 128.22, C(4); 128.55, C(2); 142.50, C(3);
151.26, C(1); 152.09, C(5); 173.08, C(8). IR (ν(cm-1), fluorolube): 3381 (m, b, O-H str),
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3063 (m, C-H aryl str), 2961 (m, CH2 str), 2850 (m, CH2 str), 1603 (vs, b, COO− str),
1487 (m, py str), 1444 (s, CH2 def), 1414 (s, COO−str).
[Nd(bpcd)]PF6∙3H2O. Yield: 182 mg (0.26 mmol, 68%). Anal. obs. (calc.) for
NdC22H28N4O4PF6∙3H2O: C, 35.75 (35.05); H, 4.08 (4.27); N, 7.11 (7.40). 1H NMR
(ppm, D2O): -2.47 (s, 2H, NHCH(C4H8)CHNH), -1.90 (s, b, 4H, NHCH(C4H8)CHNH), 0.98 (s, vb, 2H, NHCH(C4H8)CHNH), 0.42 (s, 2H, NHCH(C4H8)CHNH), 2.18 (s, b, 4H,
NHCH2py), 5.17 (s, 4H, NHCH2COOH), 6.97 (s, b, 6H, NCCHCHCHCH), and 11.1 (s,
vb, 2H, NCCHCHCHCH). IR (ν(cm-1), fluorolube): 3396 (m, b, O-H str), 2939 (m, CH2
str), 2864 (m, CH2 str), 1589 (vs, COO− str), 1481 (m, py str), 1446 (m, CH2 def), 1416
(m, COO−str).
[Sm(bppd)]PF6∙3H2O. Yield: 205 mg (0.28 mmol, 82%). Anal. obs. (calc.) for
SmC19H22N4O4PF6∙3H2O: C, 31.19 (31.70); H, 3.74 (3.92); N, 7.99 (7.78). MS (+ESI):
m/z 522.2 ([152Sm]+, [SmC19H22N4O4]+). 1H NMR (ppm, D2O): 2.18 (s, 2H,
NCH2CH2CH2N), 3.27 (s, 4H, NCH2CH2CH2N), 3.78 (s, 4H, NCH2COO), 4.50 (s, 4H,
NCH2py), 7.57 (s, 4H, NCCHCHCHCH and NCCHCHCHCH), 8.01 (s, 2H,
NCCHCHCHCH), and 8.67 (s, 2H, NCCHCHCHCH). 13C NMR (ppm, D2O): 22.83,
C(10); 55.02, C(9); 59.06, C(7); 60.99, C(6); 127.87, C(4); 128.21, C(2); 142.51, C(3);
151.17, C(1); 152.19, C(5); 173.95, C(8). IR (ν(cm-1), fluorolube): 3392 (m, b, O-H str),
3030 (m, C-H aryl str), 2961 (m, CH2 str), 2855 (m, CH2 str), 1603 (vs, b, COO− str),
1487 (m, py str), 1444 (s, CH2 def), 1414 (s, COO− str).
[Sm(bpcd)]PF6∙3H2O. Yield: 134 mg (0.19 mmol, 50%). Anal. obs. (calc.) for
SmC22H28N4O4PF6∙3H2O: C, 35.37 (34.77); H, 4.07 (4.24); N, 7.52 (7.37). 1H NMR
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(ppm, D2O): 0.96 (t, 2H, NHCH(C4H8)CHNH, J = 10 Hz), 1.33 (d, b, 2H,
NHCH(C4H8)CHNH, J = 9 Hz), 1.62 (d, 2H, NHCH(C4H8)CHNH, J = 8.5 Hz), 1.93 (d,
2H, NHCH(C4H8)CHNH, J = 11 Hz), 2.13 (s, b, 2H, NHCH(C4H8)CHNH), 2.40 (s, vb,
2H, NHCH2py), 3.05 (s, vb, 2H, NHCH2py), 4.08 (q, AX, 2H, NHCH2COOH, J = 15.8
Hz), 6.67 (d, 2H, NCCHCHCHCH, J = 7.5 Hz), 7.15 (t, 2H, NCCHCHCHCH, J = 6 Hz),
7.49 (t, 2H, NCCHCHCHCH, J = 7.8 Hz), and 8.41 (s, vb, 2H, NCCHCHCHCH). 13C
NMR (ppm, D2O): 25.27, 26.63, 61.98, 62.68, 66.30, 124.78, 125.44, 142.60, 151.38,
157.65, and 190.37. IR (ν(cm-1), fluorolube): 3396 (m, b, O-H str), 2939 (m, CH2 str),
2864 (m, CH2 str), 1590 (vs, b, COO− str), 1481 (m, py str), 1447 (m, CH2 def), 1414 (m,
COO− str).
[Dy(bppd)]PF6∙2H2O. Yield: 236 mg (0.33 mmol, 97%). Anal. obs. (calc.) for
DyC19H22N4O4PF6∙2H2O: C, 31.64 (31.96); H, 3.68 (3.67); N, 8.21 (7.85). MS (+ESI):
m/z 534.2 ([164Dy]+, [DyC19H22N4O4]+). IR (ν(cm-1), fluorolube): 3392 (m, b, O-H str),
2930 (m, CH2 str), 2850 (m, CH2 str), 1605 (vs, b, COO− str), 1487 (m, py str), 1446 (s,
CH2 def), 1414 (s, COO− str).
[Lu(bpcd)]PF6∙3H2O. Yield: 91.4 mg (0.15 mmol, 39%). IR (ν(cm-1),
fluorolube): 3382 (m, b, O-H str), 2927 (m, CH2 str), 2855 (m, CH2 str), 1597 (vs, b,
COO− str), 1487 (w, py str), 1450 (m, CH2 def), 1413 (s, COO− str).
[Co(bpmdap)Cl2]PF6∙2H2O. A methanol solution of bpmdap (117 mg in 8 mL,
0.46 mmol) was added drop-wise to a stirred solution of CoCl2∙6H2O (118 mg, 0.50
mmol) in anhydrous methanol (8 mL). The dark brown reaction mixture was aerated in
the presence of activated charcoal and allowed to stir overnight at room temperature. The
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resulting reddish brown solution was filtered and sodium hexafluorophosphate (84 mg,
0.5 mmol) added to the filtrate with stirring. A red-brown solid precipitated from solution
upon standing at room temperature for 48 hours. The isolated solid was collected by
suction filtration, washed with cold methanol (3 x 5 mL portions), and dried overnight at
75 °C. Yield: 113 mg (0.2 mmol, 43%). Anal. obs. (calc.) for CoC15H18N4Cl2PF6∙2H2O:
C, 31.76 (31.88); H, 3.65 (3.21). IR (ν(cm-1), KBr): 3439 (s, b, O-H, N-H str), 3100 (m,
C-H aryl str), 2925 (m, CH2 str), 2855 (m, CH2 str), 1612 (s, py str), 1483 (m, py str),
1447 (s, CH2 def), 1424 (m, CH2 def), 1294 (m), 841 (vs, N-H def), 558 (m).
[Co(bpmdac)Cl2]Cl. After overnight oxidation, 200 μL of concentrated HCl was
added to precipitate out the compound as a hydrochloride salt. Solution was left to stand
for a week at room temp in a 50 mL beaker. After most solvent had evaporated, the
green solid was dissolved in warm MeOH and transferred to a 50 mL beaker covered
with parafilm that allowed for slow evaporation of the solvent. A flaky green precipitate
formed after 48 hours and was collected by suction filtration. The product was washed
with cold MeOH and ether then dried in vacuo overnight at 60°C. yield 10.8 mg (0.23
mmol, 4.8%). IR (ν(cm-1), KBr disk): 3432 (s, b, O-H, N-H str), 2925(m, CH2 str), 2836
(m, CH2 str), 1681 (s, py str), 1610 (m, py str), 1478 (m, CH2 def), 1452 (m, CH2 def),
1334 (m), 1288 (w), 841 (vs, N-H def), 558 (m).
[Co(bppd)]PF6. CoCl2∙6H2O (202 mg, 0.85 mmol) was slowly added to a
methanolic solution containing an equivalent amount of H2bppd·3HCl (390 mg, 0.81
mmol) that had been neutralized with sodium acetate (332 mg, 4.1 mmol) to the dianion.
The mixture was aerated in the presence of activated charcoal while stirring overnight at
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room temperature. The resulting dark cherry-red mixture was filtered and sodium
hexafluorophosphate (136 mg, 0.81 mmol) was added to the filtrate with stirring. A red
solid precipitated out of solution upon standing at room temperature for 24 hours. The
resulting solid was collected by suction filtration and washed with 3 x 5 mL portions of
cold methanol. Cherry-red crystals suitable for X-ray diffraction studies were generated
by slow evaporation from acetonitrile. The product was collected by suction filtration,
washed with cold methanol (2 x 5 mL portions) and ether (2 x 5 mL portions) and dried
in vacuo overnight at 65 °C. All analyses were conducted on the bulk material prior to
recrystallization. Yield: 110 mg (0.2 mmol), 40%. !Anal. obs. (calc.): C, 38.75 (38.53); H,
3.51 (4.08); N 9.24 (9.46). μeff = 0 B.M. IR (ν(cm-1), KBr): 3030 (m, C-H aryl str), 2947
(m, C-H alkyl str), 1660 (b, vs, COO- str), 1610 (s, C=N str), 1471 (m, CH2 def), 1448
(m, C=C str), 1361 (s, COO- str), 1342 (m, C=N str).
[Co(bpcd)]PF6. Yield: 119 mg (0.2 mmol), 40%. Anal. obs. (calc.) for
CoC22H28N4O4PF6: C, 42.56 (43.00); H, 3.85 (4.26); N 8.94 (9.11). Mag. Susc. μeff = 0.0
BM. 1H NMR (ppm, CD3CN): 1.13 (d, 4H, NHCH(C4H8)CHNH, J = 20 Hz), 2.85 (d, 4H,
NHCH(C4H8)CHNH, J = 18 Hz), 3.61 (s, 4H, NHCH2COOH), 3.98 (dd, 2H,
NHCH(C4H8)CHNH, J = 8.0 Hz), 4.56 (d, 4H, NHCH2py, J = 15 Hz), 7.48 (d, 2H,
NCCHCHCHCH, J = 8.0 Hz), 7.56 (t, b, 2H, NCCHCHCHCH, J = 7.6 Hz), 8.01 (t, 2H,
NCCHCHCHCH, J = 7.0 Hz), and 8.65 (d, b, 2H, NCCHCHCHCH, J = 5.5 Hz). IR
(ν(cm-1), fluorolube): 3065 (m, C-H aryl str), 2936 (m, CH2 str), 2870 (m, CH2 str), 1683
(vs, COO− str), 1609 (m, py str), 1478 (w, py str), 1446 (m, CH2 def), 1326 (s, COO− str).
!

The elemental analysis was performed on the complex as a monohydrate. The water of hydration was lost
upon recrystallization in acetonitrile.
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X-ray Crystallography. X-ray crystallographic analyses were performed by Dr.
Craig C. McLauchlan at Illinois State University. Intensity data were collected for single
crystals of [M(bpad)]PF6 compounds on a Bruker SMART Apex 2 diffractometer
equipped with a CCD area detector using graphite monochromated Mo Kα radiation.
Data were reduced and corrected for absorption using the SAINT+ Software Suite.39
Structure solutions were obtained by direct methods and were refined on F2 with the use
of full-matrix least squares techniques.40 All non-hydrogen atoms were refined
anisotropically and hydrogen atoms were refined with a riding model.
Quantum Mechanical Calculations. All quantum mechanical calculations of
H2bpad metal-ligand complexes were performed by Dr. Jan Florián at Loyola University
Chicago. The geometries for the pseudo-octahedral [M(bpad)]+ complexes of selected
trivalent metal ions were optimized in the gas phase using ab initio Hartree-Fock (HF)
HF/6-31G* and HF/SDD methods.41 The HF/SDD method combines Stuttgart effective
core potential for core electrons with Dunning's D95 basis set for valence electrons.42-45
The electron correlation energy was evaluated at the MP2/6-31G*//HF/6-31G* and
MP2/SDD//HF/SDD levels.41 The solvation free energies were calculated using the
polarized continuum model (PCM) and dielectric constant of water (ɛ = 78.5)41 for the
HF/6-31G* and HF/SDD wave functions. All quantum mechanical calculations were
carried out using the Gaussian 03 program.46

CHAPTER FOUR
CRYSTAL STRUCTURES OF POLYAMINOCARBOXYLATE COMPLEXES WITH
SELECTED TRIVALENT METAL IONS
As mentioned previously, the rich solution chemistry of these H2bpap ligands and
the many geometric and coordination isomers that are possible for metal–bpad2− species
make it difficult to obtain crystals suitable for X-ray crystallographic analysis. Very little
structural information is available in the literature for H2bpad ligands and their metal
complexes because of this difficulty in obtaining crystals. There are, however, three
structural reports for a CoIII complex of the ethyl derivative H2bped, [Co(bped)]+, with
different counter ions, i.e., ClO4−, BF4− and PF6−,28-30, and an ethyl ester version of the
bped2− ligand with Mn(II).49
The CoIII complexes of the propyl and cyclohexyl bpad2− derivatives were
crystallized in a manner similar to that of [Co(bped)]+, and their structures solved by
direct X-ray methods.25 The complexes were synthesized according to the air oxidation
procedure outlined in Chapter 3, and crystals suitable for X-ray analysis formed from a
supersaturated solution of acetonitrile by slow evaporation at room temperature over a
period of ~36 hours. The resulting cherry-red crystals were washed using cold methanol
and acetone, and detailed structural data including characteristic bond lengths and angels
are listed sequentially for each compound below.
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In addition to the CoIII complexes of bppd2− and bpcd2−, crystal structures of
[Ga(bppd)]PF6 and [Ga(bpcd)]PF6 were also isolated and characterized. The
[Ga(bppd)]PF6 complex crystallized from a supersaturated solution in methanol at 16°C
overnight to form crystals displaying subtly different habits (needles vs. blocks). The
[Ga(bpcd)]PF6 complex crystalized from a supersaturated solution in D2O at room
temperature overnight to form small, colorless single crystals. Structural details for both
[Ga(bppd)]PF6 and [Ga(bpcd)]PF6 containing relevant bond distances and angles are
listed below sequentially.
[Co(bppd)]PF6∙0.064CH3CN. The compound [Co(bppd)]PF6 was prepared from
H2bppd, which features a flexible 1,3-diaminopropane backbone. There is little structural
information reported for H2bppd and its metal complexes; however, a structure is
available for a bridged di-nuclear vanadium complex of a derivative of the H2bppd
ligand, which has a hydroxyl substituent in the 2-position of the propylene unit,47,48 The
[Co(bppd)]PF6 complex reported here crystalized from a supersaturated solution of
acetonitrile as [Co(C19H22N4O4)]PF6∙0.064CH3CN. The compound features two
crystallographically unique cations and two anions per asymmetric unit along with a
disordered, partially occupied (occupancy = 0.128) acetonitrile solvent molecule. The
complex can be solved and refined in P21/n routinely. Analysis of the data confirms that
the crystals are likely a case of twinning by pseudomerohedry with a 180° rotation
around [101] and a refined contribution of 90.5 (3)% of the major twin component. All H
atoms were geometrically placed (C—H = 0.93–0.97 Å) and refined as riding with the
exception of the H atoms on the disordered, partially occupied CH3CN, which were not
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modelled, but included in the overall formulation. Selected crystallographic information
can be found in Table 3.

Table 3. Crystal data and parameters for [Co(C19H22N4O4)]PF6∙0.064CH3CN
Empirical Formula
C19 H22 CoN4 O4 ·F6 P·0.064(C2 H3 N)
Moiety Formula
Formula Weight
Temperature, K
λ (Å)
Crystal System
Space Group
a (Å)
b (Å)
c (Å)
β (°)
3

V (Å )
Z
μ(mm-1 )
F (000)
R [F 2 > 2σ(F 2 ) ]
2

C19 H22 CoN4 O4 , PF6 ∙0.064(C2 H3 N)
576.63
100
0.71073
Monoclinic
P 21 /n
21.8897 (7)
10.2350 (3)
21.9242 (7)
112.802 (2)
4527.9 (2)
8
0.091
1184
0.025

wR (F )

0.077

Goodness of fit on F2

1.32

a

R 1 = Σ||F o | – |F c||/Σ|F o |.

b

wR 2 = {Σ[w (F o 2 – F c2 )2 /Σw (F o 2 )2 ]}1/2 ;w = 1/[σ 2 (F o 2 ) + (0.0393P )2 + 1.5954P ], where

P = (F o 2 + 2F c 2 )/ 3

The cations and anions are well resolved, but some interactions do appear to be
less than the sum of the van der Waals radii. The PF6 anion interacts primarily with either
the methylene unit or pyridine units of the ligand, with distances between 3.0 and 3.4 Å
for F···C. The configurations of both cations in the asymmetric unit are very similar, but
differ slightly in the pitch of the pyridine rings and the position of the acetate groups; an
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overlay of the two cations is shown in Figure 7. These deviations are enough to break any
higher symmetry.

Figure 7. Overlay of two cyrstallographically unique cation pairs of [Co(bppd)]+.

A displacement ellipsoid plot of one of the [Co(bppd)]+ cations is shown in
Figure 8. The CoIII metal center is hexacoordinate with a N4O2 donor set featuring two
neutral tertiary aliphatic amine nitrogen atoms, two neutral aromatic nitrogen atoms, and
two anionic acetate oxygen atoms. The bond lengths that define the CoIII coordination
sphere for both cations are listed in Table 4. The complex has a distorted octahedral
geometry and idealized C2 symmetry, which features a non-crystallographic twofold
rotation axis through the cobalt cation and the center carbon of the propylene backbone
(Co1···C10 and Co2···C29, respectively).
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Figure 8. View of the molecular structure of one cation of [Co(bppd)]+ showing 50% displacement
ellipsoids. H atoms are shown as circles of arbitrary size.

The acetate groups, which exhibit monodentate coordination, are oriented in a
trans configuration with an O1–Co1–O3 angle of 178.47 (5)°. The pyridyl nitrogen
atoms are coordinated cis with respect to each other defining a N3–Co1–N1 angle of
98.52 (6)°. The bite angle of the diamine backbone is slightly opened to a N2–Co1–N4
angle of 95.91 (5)°. The angles defined by the aliphatic amine nitrogen and pyridyl ring
nitrogen, N1–Co1–N2 and N3–Co1–N4, are slightly compressed to 82.36 (5)° and 83.28
(6)°, respectively. The structure of the [Co(bppd)]+ cation, therefore, is similar to that
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reported by Caravan et al. for Co(bped)+, but with a somewhat less distorted octahedral
coordination geometry in the present case.30
Table 4. Selected bond distances (Å) for
[Co(C19H22N4O4)]PF6∙0.064CH3CN
Co1–O1 1.8825 (11)
Co2–O5 1.8875 (11)
Co1–O3 1.8899 (11)
Co2–O7 1.8828 (11)
Co1–N1
Co1–N2
Co1–N3
Co1–N4

1.9482 (13)
1.9620 (13)
1.9392 (13)
1.9641 (13)

Co2–N5
Co2–N6
Co2–N7
Co2–N8

1.9411 (14)
1.9656 (13)
1.9575 (13)
1.9655 (13)

[Co(bpcd)]PF6. The compound [Co(bpcd)]PF6 was prepared from H2bpcd, and
features a chiral trans-(1R,2R)-diaminocyclohexane backbone. There is very little
information in the literature about H2bpcd and its metal complexes. There is, however, a
structurally characterized heptacoordinate [FeII(H2bpcd)(C3H6O)](ClO4)2 complex with
trans pyridine nitrogens and cis carboxylic acid groups.36 In the latter case, the FeII ion is
coordinated in a distorted pentagonal bipyramidal geometry with an unusual N4O3 donor
atom set. The carboxylic acid moieties are fully protonated with the H2bpcd ligand
coordinated through the carbonyl oxygen atoms in the equatorial plane. The amine
nitrogen atoms are also coordinated in this plane, whereas the pyridyl nitrogen atoms are
coordinated at the axial positions. This unique arrangement results in longer Fe–O and
Fe−Npy bonds than typically observed. In the present case, the fully deprotonate bpcd2−
ligand binds CoIII in a pseudo-octahedral fashion with trans acetate groups to form a
hexacoordinated complex.
X-ray quality crystals of [Co(bpcd)]PF6 were grown by slow evaporation of a
supersaturated acetonitrile solution in air at room temperature. Relevant crystallographic
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information is shown in Table 5. The [Co(bpcd)]PF6 compound is routinely solved and
refined in the orthorhombic space group Ibca, and features a distorted octahedral
geometry with idealized C2 symmetry. A displacement ellipsoid plot of the [Co(bpcd)]+
cation is shown in Figure 9. The CoIII atom is surrounded by the ligand in an
approximately octahedral environment of general formula CoN4O2. The coordination
environment can be described as trans-O,O with the acetate groups coordinated in a
monodentate fashion.

Table 5. Crystal data and parameters for [Co(bpcd)]PF6
Empirical Formula
C22 H26 CoF6 N4 O4 P
Moiety Formula
C19 H22 CoN4 O4 , PF6
Formula Weight
614.37
Temperature, K
100
λ (Å)
0.71073
Crystal System
Orthorhombic
Space Group
Ibca
a (Å)
13.9848(4)
b (Å)
14.6221(4)
c (Å)
22.2177(6)
3
4543.2(2)
V (Å )
Z
8
-3

D calcd (Mg m )

1.796

μ(mm-1)
F (000)

0.917
2512
0.027

R [F 2 >2s (F 2 )]a:
2

0.079

wR 2 (F )
Goodness of fit on F

2

1.12

a

R 1 = Σ||F o | – |F c||/Σ|F o |.

b

wR 2 = {Σ[w (F o 2 – F c2 )2 /Σw (F o 2 )2 ]}1/2 ;w = 1/[σ 2 (F o 2 ) + (0.0325P)2 + 5.066P],

where P = (F o 2 + 2F c 2 )/ 3
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Figure 9. View of the molecular structure of the [Co(bpcd)]+ cation showing 50% displacement ellipsoids.
H atoms are shown as circles of arbitrary size.

The structure of the [Co(bpcd)]+ cation is very similar to [Co(bppd)]+ with slight
variations in the bond distances and angles. Relevant bond distance and angles are shown
in Table 6. The acetate groups, which are coordinated trans in a monodentate fashion at
the axial positions, create a O1–Co1–O1i angle of 176.08 (5)° that is considerably more
acute than expected for an ideal octahedral geometry. The bite angle of the diamine
backbone creates a slightly compressed N2–Co1–N2i angle of 89.33 (5)°, whereas the
open angle of the cis pyridyl nitrogen atoms is widened to a N1–Co1–N1i angle of 106.74
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(5)°. The angles defined by the aliphatic amine nitrogen and pyridyl ring nitrogen atoms,
N1–Co1–N2, are compressed at 82.17 (4)°. The structure of the [Co(bpcd)]+ cation,
therefore, is similar to [Co(bppd)]+ and [Co(bped)]+,30 but with a somewhat more
distorted octahedral coordination geometry.

Table 6. Selected bond distances (Å) and angles (deg) for
[Co(bpcd)]PF6
i
Co–O1
1.8868 (8)
176.08 (5)
O1–Co–O1
Co–N1
1.9448 (9)
O1–Co–N1
89.92 (4)
Co–N2
1.9548 (9)
O1–Co–N2
87.84 (4)
i
C8–O1
1.3029 (13)
106.74
(5)
N1–Co–N1
i
C8–O2
1.2212 (14)
89.33 (5)
N2–Co–N2
N1–Co–N2
82.17 (4)
C8–O1–Co
114.57 (7)
i

symmetry code (i ) -x +1, -y +1/2, z

[Ga(bppd)]PF6. [Ga(bppd)]PF6 was synthesized from H2bppd according to the
procedure outlined in Chapter 3, and crystalized by slow evaporation from methanol at
16°C. Cluster of colorless needle-like crystals grown under three different sets of
conditions with subtly different habits (needles vs. blocks) were all examined via X-ray
diffraction and afforded the same unit cell reported here. Selected crystallographic
information is shown in Table 7.
.
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Table 7. Crystal data and parameters for [Ga(bppd)]PF6
Empirical Formula
C19 H22 F6 GaN4 O4 P
Moiety Formula
Formula Weight
Temperature, K
λ (Å)
Crystal System
Space Group
a (Å)
b (Å)
c (Å)
β (°)
V (Å3 )
Z
D calcd (Mg m-3 )
-1

μ(mm )
F (000)

C19 H22 GaN4 O4 , PF6
585.1
296(2)
0.71073
Monoclinic
P 21 /c
9.6134(2)
20.2505(4)
11.6483(3)
97.520(1)
2248.14(9)
4
1.729

R 1 [I >2s (I )]a:

1.38
1184
0.029

w R2 [I >2s (I )]

0.078

Goodness of fit on F2

1.07

b

a

R 1 = Σ||F o | – |F c||/Σ|F o |.

b

wR 2 = {Σ[w (F o 2 – F c2 )2 /Σw (F o 2 )2 ]}1/2 ;w = 1/[σ 2 (F o 2 ) + (0.0393P)2 + 1.5954P],

where P = (F o 2 + 2F c 2 )/ 3

The [Ga(bppd)]PF6 compound can be solved and refined in the in the monoclinic
space group P21/c routinely, and features one molecule in the asymmetric unit and four
asymmetric units per unit cell. The cation and anion are well resolved in the structure,
although some disorder is noted in the anion. A displacement ellipsoid plot of the
[Ga(bppd)]+ cation is shown in Figure 10.
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Figure 10. View of the molecular structure of the [Ga(bppd)]+ cation showing 50% displacement ellipsoids.
H atoms are shown as circles of arbitrary size

The GaIII atom is surrounded by the ligand in an approximately octahedral
environment of general formula GaN4O2. The coordination environment can be described
as cis-O,O; cis-Npy,Npy with the acetate groups coordinated in a monodentate fashion.
Selected bond distances and angles are shown in Table 8. The Ga–O distances of 1.8956
(14) and 1.9459 (15) Å are slightly shorter than the 1.945 Å average for the 56 reported
GaN4O2 structures in the Cambridge Structural Database.50 They are, however, well
within the 1.846-2.213Å range typical for the other 1205 reported Ga–O distances. The
Ga–N distances are 2.0673 (16) and 2.1061 (17) Å for the diamine and 2.0156 (17) and
2.1377 (17) Å for the pyridyl units. These values are typical for GaN4O2 structures
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(1.852-2.194 Å) and for the 1594 reported Ga–N distances (1.701-2.400 Å) in the
Cambridge Structural Database.50 Many of the angles of the N4O2 coordination sphere
around GaIII deviate significantly from ideal octahedral values. For example in Table 8,
although the O1–Ga1–O3 and the pyridyl N1–Ga1–N3 angles are close to ideal, the
deviation for the diamine N2–Ga1–N4 angle is much larger and the O1–Ga1–N2 angle is
much smaller than ideal.
Table 8. Selected bond distances (Å) and angles (deg) for
[Ga(bppd)]PF6
Ga1–O1 1.9459 (15)
O1–Ga1–O3
91.83 (7)
Ga1–O3
Ga1–N1
Ga1–N2
Ga1–N3
Ga1–N4
C8–O1
C8=O2
C19–O3
C19=O4

1.8956 (14)
2.0156 (17)
2.0673 (16)
2.1377 (17)
2.1061 (17)
1.286 (3)
1.211 (3)
1.287 (3)
1.208 (3)

O1–Ga1–N1
O1–Ga1–N2
O1–Ga1–N4
N1–Ga1–N3
N1–Ga1–N4
N2–Ga1–N4
O2=C8–O1
O4=C19–O3
C8–O1–Ga1
C19–O3–Ga1

99.41 (7)
83.59 (7)
89.28 (7)
90.80 (6)
170.74 (6)
96.47 (7)
125.0 (3)
123.5 (2)
117.81 (15)
114.77 (14)

Although the structure for [Co(bppd)]PF6 has been reported,25 there is little other
structural data available for bppd2− complexes to which the [Ga(bppd)]PF6 structure can
be compared. In the cobalt complex, the CoIII has a distorted octahedral coordination
geometry provided by a N4O2 donor atom set with the bppd2− ligand chelating in a transO,O configuration, Figure 8. In the present case, the N4O2 donor atom set of bppd2−
chelates GaIII in a cis-O,O; cis-Npy,Npy fashion with a somewhat more distorted
octahedral coordination geometry than in the [Co(bppd)]+ cation.
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[Ga(bpcd)]PF6. The [Ga(bpcd)]PF6 compound was prepared from H2bpcd as
described previously in Chapter 3. Small, colorless crystals suitable for X-ray
crystallographic analysis formed from a supersaturated solution in D2O at room
temperature overnight. Relevant crystallographic information is shown in Table 9.
.
Table 9. Crystal data and parameters for [Ga(bpcd)]PF6
Empirical Formula
C22 H26 F6 GaN4 O4 P

Moiety Formula

C19 H22 GaN4 O4 , PF6

Formula Weight

625.16

Temperature, K

100

λ (Å)

0.71073

Crystal System

Orthorhombic

Space Group
a (Å)
b (Å)
c (Å)

Ibca
13.8975(7)
15.0872(7)
22.2418(10)
4663.5(4)
8
1.781

V (Å3 )
Z
D calcd (Mg m-3 )
-1

μ(mm )
F (000)

1.34
2544
0.022

R [F 2 >2s (F 2 )]a:
2

0.06

wR 2 (F )
Goodness of fit on F

2

1.03

a

R 1 = Σ||F o | – |F c||/Σ|F o |.

b

wR 2 = {Σ[w (F o 2 – F c2 )2 /Σw (F o 2 )2 ]}1/2 ;w = 1/[σ 2 (F o 2 ) + (0.0325P)2 + 5.066P],

where P = (F o 2 + 2F c 2 )/ 3

The [Ga(bpcd)]PF6 structure is similar to that of [Co(bpcd)]PF6, and is routinely
solved and refined in the orthorhombic space group Ibca. The bpcd2− ligand of the
[Ga(bpcd)]PF6 complex, however, coordinates as the trans-(1S,2S) enantiomer, whereas
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the bpcd2− ligand of the [Co(bpcd)]PF6 complex coordinates as the trans-(1R,2R)
enantiomer. The cation of [Ga(bpcd)]PF6 features a distorted octahedral geometry with
GaIII surrounded by a N4O2 donor atom set. The complex crystallizes as the trans-O,O
geometric isomer with idealized C2 symmetry that features acetate O atoms coordinated
monodentate at the axial positions. A displacement ellipsoid plot of the [Ga(bpcd)]+
cation is shown in Figure 11.

Figure 11. View of the molecular structure of the [Ga(bpcd)]+ cation showing 50% displacement ellipsoids.
H atoms are shown as circles of arbitrary size

Relevant bond distance and angles for [Ga(bpcd)]PF6 are shown in Table 10. The
acetate groups create a compressed O1i–Ga1–O1 angle of 176.556 (5)° in the axial plane
of the octahedron. The bite angle of the diamine backbone is also compressed with a N2i–
Ga1–N2 angle of 85.30 (5)°, whereas the open angle of the cis pyridyl nitrogen atoms is
considerably widened to create a N1–Ga1–N1i angle of 114.95 (6)°. The angles defined
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by the aliphatic amine nitrogen and pyridyl ring nitrogen atoms, N1i–Ga1–N2i, are also
compressed at 80.51 (4)° as a result of this large open bite angle. The structure of the
[Ga(bpcd)]+ cation, therefore, is similar to [Co(bpcd)]+, but with even more distortion
from idealized octahedral geometry.

Table 10. Selected bond distances (Å) and angles (deg) for
[Ga(bpcd)]PF6
i
i
1.9343 (9)
Ga1–O1
O1 –Ga1–O1 176.556 (5)

Ga1–O1

1.9344 (9)

O1i –Ga1–N1i

Ga1–N1
Ga1–N1

i

2.0574 (10)

O1 –Ga1–N1

2.0575 (10)

Ga1–N2i
Ga1–N2
C8–O1
C8=O2
i

91.18 (4)

i

86.97 (4)

i

O1 –Ga1–N2

97.19 (4)

2.0866 (10)

N1i –Ga1–N2i

80.51 (4)

2.0866 (10)

N1i –Ga1–N1

114.95 (6)

1.3025 (15)
1.2151 (15)

i

N2 –Ga1–N2
C8–O1–Ga1
O2=C8–O1

85.30 (5)
115.26 (8)
125.09 (12)

symmetry code (i ) -x +1, -y +1/2, z

There is no structural data available for Ga–bpcd2− complexes to which the
[Ga(bpcd)]PF6 structure can be compared; however, the [Ga(bpcd)]PF6 structure is
considerably different from the related [Ga(bppd)]PF6 structure discussed previously. In
the case of the [Ga(bpcd)]PF6 structure, the compound crystallized as the trans-O,O
geometric isomer with idealized C2 symmetry, whereas the [Ga(bppd)]PF6 structure
crystallized as the cis-O,O; cis-Npy,Npy geometric isomer with only C1 symmetry. This
can likely be attributed to the increased flexibility in the propylene backbone of the
bppd2− ligand, which allows for the acetate O atoms to rotate unconstrained in space. The
bpcd2− ligand is more constrained by the bulky cyclohexyl backbone, which may
sterically hinder the acetate functionalities from rearranging into an all cis confirmation.

CHAPTER FIVE
METAL ION COMPLEXES OF N,N'-BIS(2-PYRIDYLMETHYL)-1,3DIAMINOPROPANE-N,N'-DIACETIC ACID (H2bppd)
N,N'-bis(2-pyridylmethyl)-1,3-diaminopropane-N,N'-diacetic acid, H2bppd, is a
symmetrically di-substituted diaminocarboxylic acid with a propylene backbone. My
interest in H2bppd resides in its potential for use as a holdback reagent in TALSPEAKtype solvent extractions for An(III)/Ln(III) separations. As mentioned in chapter 1, the
TALSPEAK process, which employs diethylenetriaminepentaacetic acid, DTPA, as a
hold back reagent requires high lactic acid concentrations to prevent precipitation of
DTPA and improve extraction kinetics.10
The H2bppd molecule contains softer 2-pyridylmethyl substituents to provide
selectivity and harder acetate functionalities to improve stability, while also remaining
soluble in solutions below pH = 3.00. The propylene chain of the diamine backbone
provides flexibility and the ability to form a 6-membered chelate ring. Hancock has
suggested a rule for ligand design that an “increase of chelate ring size from five
membered to six membered in a complex will increase the stability of smaller relative to
larger metal ions.”51,52 Indeed, the increase in complex stability for polyamine ligands
containing pyridyl and saturated nitrogen atoms as donor groups that was observed upon
changing chelate size from five- to six-membered rings supports this rule.53 Further, it
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has been suggested that this strategy could be employed in designing ligands that show
size selectivity for Al(III).24
H2bppd was previously prepared as part of a study of vanadium(III) coordination
stereochemistry with hexadentate ligands.38 The isolated V(III)-bppd2− complex, which
was not structurally characterized because crystals of sufficient quality were unattainable,
exhibited spectral properties indicative of a -oxo binuclear complex.38 In the present
study, H2bppd was synthesized by using the facile, two-step procedure outlined in
Scheme 1 to provide higher yields.26
The present investigation is devoted to exploring correlations between the spectral
features of [M(bppd)]+ complexes and their structure to establish criteria that differentiate
among different types of carboxylate bonding and cis and trans geometric isomers.
Correlations of this type become particularly useful for Ln(III)-bppd2− compounds where
no X-ray data are available. Further, to gain insight into the complexation process, the
energies of the three possible geometric isomers, trans-O,O, trans-Npy,Npy, and cis-O,O;
cis-Npy,Npy, for pseudo-octahedral [M(bppd)]+ complexes relative to the trans-O,O
isomer have been obtained by quantum mechanical calculations. Calculations were
performed for [Co(bped)]+, containing a different alkyl chain length (a), and metalbppd2− compounds with five different trivalent metal ions.
Results
H2bppd was characterized by elemental analysis, equivalent weight titration,
infrared spectroscopy, and 1H and 13C NMR spectroscopy (see Chapter 3). The infrared
spectrum of H2bppd shows a strong, very broad band in the 3400–2500 cm-1 region
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characteristic of strongly hydrogen bonded –OH and –NH+ functionalities. Bands
indicative of carboxylic acid and pyridyl groups are also present. The 1H NMR spectrum
of H2bppd shows eight resonances with the expected relative intensities and splitting
patterns at chemical shift values characteristic of a polyaminocarboxylic acid with
aromatic substituents. These signals appear at decreasing field strength as follows: H(10)
a pentuplet, H(9) a triplet, H(7) a singlet, H(6) a singlet, H(2) a triplet, H(4) a doublet,
H(3) a triplet of doublets, H(1) a doublet of triplets (for labeling, see Figure 8). In the 13C
NMR spectrum 10 resonances are observed in the expected regions (Appendix A). The
resonances were assigned on the basis of COSY and HSQC experiments.
Metal-bppd2− and metal-Hbppd− complexes were synthesized using trivalent
group 13 and lanthanide metal ions as outlined in Scheme II on page 23. The compounds
[Ga(bppd)]PF6 and [Co(bppd)]PF6 were crystallized by slow evaporation from anhydrous
methanol and acetonitrile, respectively, and submitted for X-ray crystallographic
analysis. Their X-ray crystal structures and crystallographic data are given in Chapter 4.
No crystalline samples of the lanthanide compounds suitable for X-ray crystallographic
analysis could be prepared despite trying a variety of different solvents (H2O, MeOH,
EtOH, PrOH, and CH3CN), solvent mixtures (n-BuOH/H2O, CH3CN/H2O), and crystal
growth techniques (slow evaporation, slow cooling, vapor diffusion, and liquid-liquid
interface diffusion). The [M(bppd)]PF6 compounds were characterized by elemental
analysis, mass spectrometry, infrared spectroscopy, and 1H and 13C NMR spectroscopy.
All of these complexes gave acceptable elemental analysis except for the [Al(bppd)]PF6,
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which is hydroscopic. The [M(Hbppd)Cl]PF6 compounds were characterized by mass
spectrometry and infrared spectroscopy (see Chapter 3).
Mass Spectra. The mass spectra of the Group 13 metal compounds [M(bppd)]PF6
give strong peaks identified as the parent molecular ion at m/e values with the isotope
distribution and relative intensity patterns expected for metal complexes of the stated
stoichiometry. For these compounds, this is the most intense signal in the mass spectrum.
For the lanthanide compounds [Ln(bppd)]PF6 and [Al(Hbppd)Cl]PF6 the intensity of the
signal at the m/e value for the parent molecular ion is very weak. The most intense signal
in the spectra of these compounds is at the m/e value of 373.3 (H2bppd + 1), which
suggests weaker metal-bppd2- bonding. The mass spectra of the gallium and indium
compounds containing a mono-protonated acetate group, [M(Hbppd)Cl]PF6 for M = Ga,
In, show peaks at m/e values for the parent molecular ion with the expected isotope
distribution patterns as well as peaks at m/e values identified as the fully deprotonated
complex ion [M(bppd)]+. No signals were observed in the mass spectra of these
compounds at m/e values corresponding to uncoordinated ligand. The data obtained from
the mass spectrometry experiments are listed in Chapter 3.
Infrared Spectra. The infrared spectra of the isolated metal-bppd2− compounds
are all very similar without obvious features that might be used to discriminate between
cis- and trans- isomers. All compounds exhibit absorption bands in regions characteristic
of aromatic and aliphatic stretching, bending and deformation modes, carboxylate
stretching modes, and frequencies associated with the PF6− anion, i.e., ~915, 840, and 555
cm-1.54 A very minor difference occurs in the IR spectrum of the cis-O,O; cis-Npy,Npy
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[Ga(bppd)]+ complex compared to the spectrum of the trans-O,O [Co(bppd)]+ complex,
Figure 12.
The symmetric carboxylate stretching band in the cis-O,O; cis-Npy,Npy
[Ga(bppd)]+ ion shows a shoulder at ~1363 cm-1 that is not apparent in the trans-O,O
[Co(bppd)]+ complex. In both cases, in the spectra of the anhydrous salts, the
antisymmetric COO− stretching mode appears as a very strong, broad, featureless band in
the 1685-1660 cm-1 region. Thus, the band splitting that might be expected for a lower
symmetry cis-O,O; cis-Npy,Npy complex is not observed. The infrared spectra of the
mono-protonated Hbppd− complexes of Al(III), Ga(III), and In(III), [M(Hbppd)]2+,
show an additional strong band in the –O-H stretching region (~3500 cm-1) and another in
the C=O stretching region (~1730 cm-1). Complexes isolated as hydrates also exhibit
absorption bands in regions characteristic of water of hydration that is best observed in
the mull spectra.

Figure 12. Infrared spectra for cis-O,O; cis-Npy,Npy [Ga(bppd)]PF6 and trans-O,O [Co(bppd)]PF6.
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Frequencies and tentative assignments of the absorption bands in the 3500-1300
cm-1 region of the IR spectra are given in the experimental section in Chapter 3. In metal
complexes of simple amino acids, the carboxylate stretching bands can often be assigned
empirically without difficulty. The carboxylate stretching modes also give rise to the
bands most sensitive to the effect of metal ion complexation. This is especially true for
the antisymmetric COO− stretching mode, a. The symmetric COO− stretching mode, s,
is less sensitive to complexation and its assignment can be problematic. To alleviate the
uncertainty associated with identifying the symmetric COO− stretching mode, bands
assignable to this mode were identified empirically by comparison of the spectrum of
[Co(bppd)]+ and all other metal–bppd2− complexes with the spectrum of the Co(III)
complex ion of the precursor diamine bpmdap, [Co(bpmdap)Cl2]+. No bands in 14001300 cm-1 region, where a symmetric COO− stretching mode is expected to occur, appear
in the infrared spectrum of [Co(bpmdap)Cl2]+. This allows explicit identification and
assignment of the symmetric COO− stretching band in the [M(bppd)]+ and
[M(Hbppd)Cl]+ complexes. Carboxylate stretching frequencies along with the difference
between the antisymmetric and symmetric stretching bands, Δν = νa(COO−) – νs(COO−),
for the isolated metal compounds are given in Table 11.
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Table 11. Carboxylate stretching frequencies and ∆ν values for selected
[M(bppd)]+ and [M(Hbppd)]2+ complexes
−

−

ν(C=O)

νa (COO )

νs (COO )

Δν (cm )

−

1588

1405

183

−

1670

1385

285

−

1683

1348

335

−

1644

1384

260

1735

1636

1395

241

[Ga(Hbppd)]

1734

1653

1384

269

[In(Hbppd)]2+

1731

1608

1384

224

Metal ion
Na2 bppd
+

[Al(bppd)]

+

[Ga(bppd)]
+

[In(bppd)]

2+

[Al(Hbppd)]

2+

-1

−

1601

1413

188

+

−

1603

1414

189

+

−

1603

1414

189

+

−

1605

1414

191

+

[La(bppd)]

[Nd(bppd)]
[Sm(bppd)]
[Dy(bppd)]

Quantum Mechanical Calculations. To examine structure-property relationships
involved in metal-ligand selectivity, the gas-phase and aqueous solution energetics were
calculated for the three geometric isomers possible for a pseudo-octahedral [M(bppd)]+
complex ion with six different trivalent cations. The results of the calculations relative to
the trans-O,O isomer are given in Table 12 along with the results for the [Co(bped)]+
cation. The solvation free energies (kcal/mol), Gsolv, that are presented in Table 12 are
defined as the standard free energy of transfer of 1.0 M solute from the gas-phase to
water.55 These free energies can be effectively combined with ab initio gas-phase
energetics to predict equilibrium or rate constants for chemical reactions in aqueous
solution.56 The difference between the solvation free energy for a trans-Npy,Npy (or cisO,O; cis-Npy,Npy) isomer and Gsolv values of the trans-O,O isomer gives Gsolv, i.e.,
the solvation free energy of that isomer relative to the trans-O,O isomer. Gsolv is used
to calculate G in solution for the indicated isomer relative to the trans-O,O isomer, eq.1.
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G in solution = Gsolv + ESCF + Ecorr

(1)

where Gsolv is the relative solvation free energy calculated at the PCM level,ESCF is
the relative self-consistent field energy calculated at the HF level, and Ecorr is the
relative electron correlation energy calculated at the MP2 level.
The calculated metal charges (a.u.), metal-ligand bond distances (Å), and the open
bond angle (deg) formed by the O and/or Npy donor atoms trans- to the N atoms of the
diamine, the X–M–Y angle, for the [M(bppd)]+ and [Co(bped)]+ complex ions are also
given in Table 12. These physical parameters are useful for testing the validity of
assumed coordination numbers as well as providing insight into the nature of metalligand bonding. For these considerations, it is important to note that the HF method tends
to systematically over estimate M–O distances by about 0.03 Å compared to the more
accurate MP2 method.57
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Table 12. Calculated energies (kcal/mol), charges (a.u.), distances (Å), and angles (deg)
for [M(bppd)]+ complexes

trans-Npy,Npy

cis-O,O; cis-Npy,Npy

trans-O,O

Property
Gsolv
charge of Ma
M-O
M-Npy
M-N
N-M-N angleb
Gsolv
Gsolv c
ESCFc
Ecorrc
G in solution c
charge of Ma
M-O3d
M-O1d
M-N3d
M-N1d
M-N2d
M-N4d
N-M-O angleb
Gsolv
Gsolvc
ESCFc
Ecorrc
G in solution c
charge of Ma
M-O
M-Npy
M-N
O-M-O angleb

[Co(bped)]+ [Co(bppd)]+ [Al(bppd)]+ [Ga(bppd)]+ [Ga(bppd)]+ [In(bppd)]+ [La(bppd)]+
6-31G*
6-31G*
6-31G*
6-31G*
SDD
SDD
SDD
-52.7
1.66
1.853
2.012
1.978
108.6
-59.4
-6.7
12.7
-1.8
4.2
1.67
1.836
1.847
2.049
1.979
1.973
2.007
103.9
-57.6
-4.9
16.1
-0.3
10.9
1.70
1.862
2.002
2.020
106.9

-51.3
1.69
1.850
2.012
2.005
100.4
-55.9
-4.6
6.3
-0.5
1.2
1.70
1.834
1.844
2.047
1.972
2.032
2.011
94.5
-56.9
-5.6
12.5
0.3
7.2
1.73
1.850
2.002
2.051
97.1

-49.2
1.63
1.807
2.068
2.097
104.1
-52.9
-3.7
5.1
-1.6
-0.2
1.67
1.788
1.811
2.171
2.015
2.121
2.096
98.3
-53.0
-3.8
7.4
-1.1
2.5
1.67
1.759
2.074
2.182
106.8

-49.9
1.80
1.865
2.076
2.129
103.9
-54.8
-4.9
6.8
-2.3
-0.4
1.77
1.870
1.879
2.096
2.025
2.148
2.118
97.9
-54.2
-4.3
10.7
-3.6
2.8
1.77
1.876
2.075
2.172
105.2

-57.8
1.74
1.884
2.088
2.170
105.6
-61.8
-4.0
6.0
-2.9
-0.9
1.75
1.860
1.895
2.188
2.027
2.193
2.155
100.0
-60.3
-2.5
7.7
-1.7
3.5
1.78
1.870
2.091
2.273
112.5

-59.4
1.62
2.013
2.194
2.283
111.3
-63.0
-3.6
6.4
-3.1
-0.3
1.63
1.987
2.013
2.284
2.166
2.307
2.272
108.4
-60.5
-1.1
3.8
-1.2
1.3
1.64
1.997
2.203
2.359
120.7

-79.4
2.28
2.240
2.672
2.729
146.5
-82.6
-3.2
6.1
-1.0
1.9
2.26
2.242
2.237
2.682
2.702
2.762
2.738
143.4
-76.1
3.3
7.9
-0.2
11.0
2.25
2.265
2.648
2.764
149.6

a

Mulliken charge calculated for the complex in the gas-phase. bX-M-Y describes the open angle formed by donor
atoms trans to the N atoms of the diamine, where X = Npy or O and Y = Npy or O. c Relative to the trans-O,O isomer.
d
For labeling, see Figure 8.

NMR spectroscopy. The 1H and 13C assignments for H2bppd and the trivalent
metal-bppd2− complexes were made on the basis of 2D COSY, NOESY, and HSQC
experiments. The COSY and HSQC experiments established the detected 1H-1H and 1H-
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13

C correlations (Figures S2-S5, Appendix B), while the 2D NOESY experiments

established the spatial proximity of the hydrogen atoms within the complexes. The 1H
and 13C NMR data obtained for H2bppd and the Co(III), Al(III), In(III), La(III), and
Ga(III) complexes in D2O at 25.0 °C are presented in Table 13 and Table 14. H2bppd
shows 8 resonances in the 1H NMR spectrum and 10 of the possible 19 resonances in the
13

C NMR spectrum. The Al(III) and La(III) complexes show 8 resonances in the 1H

spectrum, while the Co(III) and In(III) complexes show 11 and 10 1H resonances,
respectively. Each of these complex ions also displays 10 of the possible 19 resonances in
its 13C NMR spectrum. The Ga(III) complex, which adopts a cis-O,O; cis-Npy,Npy
geometry with only the identity symmetry element present, shows 21 1H and 19 13C
resonances. All resonances observed in each complex ion show the expected splitting
patterns, intensities, and chemical shifts characteristic of a polyaminocarboxylate ligand
bearing the 2-methylpyridyl functionality. The 1H and 13C spectra for [Sm(bppd)]+ and
[Nd(bppd)]+ are very similar to that of [La(bppd)]+, suggesting similar structures, but
with increased line broadening due to the paramagnetic nature of these metal ions. The
NMR spectral data for these [Ln(bppd)]+ complex ions are given in the experimental
section in Chapter 3. NMR spectra were not attainable for [Dy(bppd)]+ because the 6H15/2
ground state for Dy(III) makes this complex ion very strongly paramagnetic.
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Table 13. 1H NMR (500 MHz) spectral dataa,b (ppm) for H2bppd and its Co(III), Al(III),
In(III), La(III), and Ga(III) complexes in D2O at 25 °C
H2 bppd∙3HCl

H(1)
H(2)
H(3)
H(4)
H(6a)
H(6b)
H(7a)
H(7b)
H(9a)
H(9b)
H(10)
H(11a)
H(11b)
H(12)
H(13)
H(14)
H(15)
H(17a)
H(17b)
H(18a)
H(18b)

[Co(bppd)]+

[Al(bppd)]+

[In(bppd)]+

8.75 (5.7, 0.8)
8.79 (5.5)
8.61 (4.5)
8.94 (5.5)
7.92 (6.8)
7.87 (6.5)
7.56 (6.5)
7.75 (6.5)
8.44 (7.8, 2.5) 8.32 (7.8, 1.3) 8.00 (7.8, 1.8) 8.20 (8.0, 1.5)
7.97 (8.1)
7.94 (8.0)
7.61 (8.0)
7.70 (8.0)
4.53
4.94 (16)
4.54
4.41 (16)
4.62 (16)
4.14 (16)
3.88
3.58 (20)
3.77
3.69 (18)
3.54 (20)
3.35 (18)
3.14 (7.5)c
2.00 (7.6)

3.16 (15)
3.08 (15)
2.77 (4.9)

[La(bppd)]+

[Ga(bppd)]+

8.63
7.57
8.02
7.62 (7.5)
4.52

8.89 (5.5)
8.04 (6.3)
8.50 (8.0, 1.5)
7.98 (8.0)
4.65 (19)
4.29 (19)
4.21 (17)
3.68 (17)

3.76

3.32 (7.5)c

3.16 (5.3)c

3.29

2.21 (7.0)

2.16 (5.0)

2.2

a

3.50 (8.5)
2.80 (8.5)
2.38 (6.5)
3.79 (9.0)
3.25 (8.0)
7.34 (5.5)
7.55 (6.5)
8.27 (7.8, 1.5)
7.82 (8.5)
5.13 (19)
4.70 (19)
4.04 (17)
3.93 (17)

For labeling, see Figure 8. Resonances of the Pro R and Pro S diastereotopic protons are differentiated in the
labeling as (a) and (b), respectively. b Numbers in parentheses refer to (3 J HH , 4 J HH ) coupling for H(1-4, 10, 12-15)
and (2 J HH ) coupling for H(6-9, 11, 17-18) in Hz. c Coupling for H(9a) is reported as (3 J HH ) coupling.
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Table 14. 13C NMR (125 MHz) spectral dataa (ppm) for H2bppd and its Co(III), Al(III),
In(III), La(III), and Ga(III) complexes in D2O at 25 °C
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
a

H2bppd∙3HCl [Co(bppd)]+
147.23
155.93
129.5
130.18
146.8
144.94
128.91
126.84
152.98
162.04
58.93
73.46
57.45
62.37
174.6
185.09
55.49
54.15
24.48
21.79

[Al(bppd)]+
151.24
128.17
142.36
127.83
152.07
61.01
59.03
173.65
54.96
21.79

[In(bppd)]+
151.32
128.52
144.97
128.29
154.33
62.06
61.41
177.79
57.06
21.79

[La(bppd)]+
151.44
128.04
142.26
127.63
152.68
61.12
59.27
174.09
54.97
22.58

[Ga(bppd)]+
149.59
130.43
147.72
129.37
152.95
64.29
59.33
176.81
54.63
22.32
55.96
146.88
129.17
146.48
127.87
154.93
61.14
67.74
176.15

For labeling, see Figure 8.

In the case of the Co(III), In(III), and Ga(III) complexes, the individual hydrogen
atoms at the methylene positions, H(6), H(7), and H(9), are nonequivalent diastereotopic
protons that experience geminal coupling (2JHH). The resonances arising from these
protons in the Co(III) complex demonstrate a coupling pattern typical of an AX-quartet
for H(6) and (7), and an AB-multiplet for H(9). In the case of the In(III) complex,
however, the signals arising from the two pairs of diastereotopic protons at H(6) and H(7)
appear as AX-quartets, while the proton pair at H(9) shows a single resonance split into a
triplet. The Ga(III) complex shows resonances with coupling patterns typical of AX-
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quartets for the methylene proton pairs at H(6), H(7), H(17), and H(18), as well as
separate AX-multiplets for the proton pairs at H(9) and H(11).
For the trans-O,O [Co(bppd)]+ complex and the [In(bppd)]+ complex, there are
NOE correlations observed between the resonances arising from H(6b) of the 2pyridylmethyl group and H(4) of the pyridine ring, as well as a correlation between H(7a)
of the acetate functionality and H(10) of the central carbon in the propylene backbone.
The H(6a,b) and H(7a) protons also show correlations with the H(9a,b) protons of the
terminal methylene groups of the propylene backbone (Figure S6, Appendix B). The 2D
NOESY spectrum for the cis-O,O; cis-Npy,Npy [Ga(bppd)]+ complex is considerable more
complicated because of its lack of symmetry (Figure S7, Appendix B). There is a NOE
correlation observed between the methylene protons of one 2-pyridylmethyl group,
H(17a,b), and H(15) of its pyridine ring as well as correlations between H(6a,b) of the
other 2-pyridylmethyl group and H(4) of the attached ring. In addition, the H(6b) proton
shows NOE correlation with H(12) of the adjacent ring while the central methylene
protons of the diamine backbone, H(10), correlate with both H(7a) and H(17a). Further,
the protons of the terminal methylene groups, H(11a,b) and H(9a,b), correlate with the
methylene protons of the adjacent acetate and 2-pyridylmethyl groups, H(17a) and
H(18a,b), and H(7a) and (6b), respectively.
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Discussion
Infrared Spectra. The mid-infrared spectra of [M(bppd)]+ complexes are too
similar to be used to distinguish between trans-O,O (C2 symmetry) and cis-O,O; cisNpy,Npy (C1 symmetry) isomers. For soluble metal-bppd2− compounds, the best
spectroscopic method to discriminate between cis- and trans- isomers appears to be 1H
and 13C NMR spectroscopy (vide′ infra).30 For insoluble salts, it might be possible to
develop a vibrational criterion based on symmetry arguments regarding the number of
metal-nitrogen and metal-oxygen stretching absorptions appearing in the far-infrared
region to make this distinction as reported for copper-amino acid complexes.58
Three idealized, symmetric types of carboxylate binding for a coordinated acetate
group, monodentate, bidentate, and bridging, are shown in Figure 13 along with stylized
ionic bonding. Monodentate coordination removes the equivalence of the two O atoms in
an acetate ion. This should increase the antisymmetric stretching frequency, decrease the
symmetric stretching frequency, and increase the separation between these two bands, Δν
= νa(COO−) – νs(COO−), relative to an ionic acetate. Symmetrical bridging or chelation
should shift both stretching frequencies in the same direction and decrease the separation
between the bands.59 This type of analysis can be used to rationalize the empirical
correlation between the magnitude of Δν and different types of COO− binding modes.60
The assignment of the antisymmetric and symmetric stretching bands in spectra of
[M(bppd)]+ and [M(Hbppd)Cl]+ complexes was achieved by comparison with the
spectrum of the [Co(bpmdap)Cl2]+ complex in the carboxylate stretching region.
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Figure 13. Idealized metal-ligand bonding modes and characteristic frequency range between the COO−
stretching bands, Δν, for an acetate functionality.60

Monodentate coordination of a single acetate oxygen atom is expected to result in
an increase in the magnitude of Δν compared to that for ionic salts and other types of
acetate complexation. The IR results in Table 11 for Al(III), Ga(III), and In(III)
[M(bppd)]+ complexes show significant increases in the antisymmetric stretching
frequency and large Δν values (335-224 cm-1) that demonstrate this behavior. The
[M(Hbppd)Cl]PF6 compounds of Al(III), Ga(III), and In(III) also show this behavior.
Mono-protonated complexes were first detected in solution as the [Ga(Hbped)]2+ cation,
which exists in two or three isomeric forms with a non-coordinated carboxylic acid
functionality.30 In the present case, monodentate coordination is clearly indicated for the
deprotonated acetate group. The appearance of a C=O stretching band at ~1730 cm-1 in
the spectra of the isolated solids suggests the presence of an uncoordinated carboxylic
acid functionality with the higher complex charge compensated by an additional anion.
The situation for the lanthanide compounds, which were all isolated as hydrates,
is somewhat more complicated since their Δν values lie within experimental error of the
ranges expected for three idealized bonding modes. Further, several complexes with
monodentate acetate groups without large Δν values, i.e., < 200 cm-1, have been
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reported.60,61 In each of these cases, the carboxylate oxygen not bonded to the metal ion is
hydrogen-bonded to another ligand like H2O. This gives rise to a “pseudo-bridging”
arrangement that is also possible here. For the [Ln(bppd)]+ compounds reported in Table
11 both stretching bands shift in the same direction as expected for symmetrical bridging
or chelation, but the separation between the two bands increases rather than decreases as
expected. The Δν values for the lanthanide compounds, which are nearly constant at ~189
cm-1, are only slightly higher than the Δν value for the sodium-bppd2− salt (183 cm-1).
This strongly suggests that the lanthanide-COO− bonding in these compounds is
predominately ionic. This assessment is supported by the quantum mechanical
calculations and the mass spectrometry results for the Ln(III)-bppd2− compounds as well
as the strong ionic nature of the bonding of f-element cations in aqueous solution with
their ligands, including aminopolycarboxylates.62
Quantum Mechanical Calculations. The results of the quantum mechanical
calculations indicate that in gas-phase the trans-O,O isomer (C2 symmetry) is the most
stable of the three possible isomers. In aqueous solution, the stability of the trans-O,O
isomer becomes fairly similar to the cis-O,O; cis-Npy,Npy, isomer (C1 symmetry), while
remaining more stable than the trans-Npy,Npy isomer (C2 symmetry) for all of the metal
complexes listed in Table 12. The ∆G in solution values, eq. 1, for the [Co(bped)]+,
[Co(bppd)]+, and [Ga(bppd)]+ complexes correctly predict the lowest energy isomer as
the isomer observed by X-ray crystallography, i.e., the trans-O,O, trans-O,O, and cisO,O; cis-Npy,Npy isomers, respectively. The M–O and M–N bond distances and X–M–Y
angles calculated for these geometries are very similar to observed values.30,25 These
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results indicate that the systematic errors in the calculated free energies for complexes
with different metal ions and different geometries are similar. Specifically, the errors
involve the use of gas-phase geometries, energetics at 0 K, and a simplified description of
the solvent as well as wave-function and electron correlation.
Unfortunately, the experimental validation of the PCM/MP2/6-31G*//HF/6-31G*
methodology is not directly applicable to the calculations for the In(III) and La(III)
complexes that were performed using a smaller SDD basis set. The SDD basis set lacks
polarization functions and approximates core electrons simply by using an effective core
potential. This methodological change was necessary because the 6-31G* basis set is
available only for elements in the first four periods of the periodic table. The calculations
were performed for the [Ga(bppd)]+ complex using both HF/6-31G* and HF/SDD basis
sets to establish a seamless transition from one basis set to the other. Although the MP2
energy is usually the physical parameter most sensitive to basis set deficiencies, the
MP2/6-31G* and MP2/SDD methods yield similar ∆Ecorr values, -2.3 and -2.9 kcal/mol,
respectively, for the relative correlation energy of the cis-O,O; cis-Npy,Npy [Ga(bppd)]+
isomer. Since the effect of the basis set on the sum of ∆∆Gsolv and ∆ESCF is negligible in
this case, methods utilizing either basis set correctly predict the observed all cisgeometry for [Ga(bppd)]+. The ∆G in solution value obtained by the PCM/MP2/631G*//HF/6-31G* method, however, is somewhat less favorable (-0.4 kcal/mol) than that
obtained by the PCM/MP2/SDD//HF/SDD method (-0.9 kcal/mol). This dual calculation
approach provides a means of correcting for systematic errors introduced in ∆G values
for [In(bppd)]+ and [La(bppd)]+ when using the HF/SDD method, which is necessitated
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by the large number of core electrons. The correction for [In(bppd)]+ and [La(bppd)]+
makes ∆G 0.5 kcal/mol more positive than those obtained directly from the HF/SDD
calculations. While this has no effect on the prediction of a trans-O,O geometry for
[La(bppd)]+, the correction makes the calculated ∆G in solution value for the all cis[In(bppd)]+ isomer less favorable than the trans-O,O isomer by 0.2 kcal/mol.
Parenthetically, the 1H and 13C NMR spectra of the isolated [In(bppd)]PF6 compound
indicate that the cation in solution has C2 symmetry, which is consistent with this
correction.
Calculations for a six-coordinate [La(bppd)]+ complex converge to a trans-O,O
structure with a very large Npy–La–Npy bond angle (146.4o), a high metal charge (2.28
a.u.), and a high solvation free energy (-79.4 kcal/mol). It is evident that the pendant arms
of the attached acetate and pyridylmethyl groups are not long enough to encapsulate the
larger La(III) ion at the center of a pseudo-octahedral arrangement of donor atoms. The
geometric arrangement of the bppd2− ligand around LaIII in this configuration is best
described as a nest-like structure with a large open space in lanthanum’s coordination
sphere available for additional ligands, e.g., two H2O molecules, Figure 14. This allows
the LaIII to achieve a more preferred coordination number. This structure is consistent
with the stoichiometry of the isolated lanthanum salt, [La(bppd)]PF6∙2H2O, the IR and
mass spectrometry data, and the 1H and 13C NMR spectra, which indicate a La−bppd2−
species in solution of C2 symmetry.
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Figure 14. The open X-M-Y angle for the trans-O,O [La(bppd)]+ complex (left) and the nest-like structure
that allows the larger La(III) ion to achieve the more preferred coordination number of 8 in
[La(bppd)(H2O)2]+ (right).

The QM results for [Al(bppd)]+ show the calculated solvation free energies,
Gsolv, for the three geometric isomers possible for a pseudo-octahedral Al(III) complex
ion to be the least energetically favorable of the six trivalent cations investigated. The cisO,O; cis-Npy,Npy isomer is predicted to be more stable (-0.2 kcal/mol) than the trans-O,O
isomer whereas the 1H and 13C NMR spectra suggest a single, higher symmetry species in
solution. The calculated Al–O distances for all three isomers are in the expected range
(1.516-2.736 Å) and close to the expected mean value (1.824 Å).50 The Al–N distances
are in the expected range (1.657-2.891Å), but ~0.1 Å larger than the expected mean
(1.957 Å).50 The average of the calculated Al–N distances for the trans-O,O, cis-O,O;
cis-Npy,Npy, and trans-Npy,Npy isomers are 2.083 Å, 2.101 Å, and 2.128 Å, respectively.
All of the [Al(bppd)]+ isomers have relatively large steric repulsions between the
aromatic rings of the coordinated 2-pyridylmethyl groups because of Al(III)’s small size.
These steric repulsion are evident in the crystal structures of [Co(bped)]+,30
[Co(bppd)]+,25 and [Ga(bppd)]+ through the pitch and position of the pyridine rings. In
fact, repulsions between the pyridine rings are present in the trans-O,O and cis-O,O; cis-

68
Npy,Npy, isomers for all five complexes investigated; however, they are greatest for the
[Al(bppd)]+ isomers. The ring repulsions in the gas-phase geometry of the trans-O,O
[Al(bppd)]+ isomer are ~1 kcal/mol greater than for the cis-O,O; cis-Npy,Npy, isomer and
this energy difference is carried forward into G in solution. Thus, a factor that must be
considered when using the energies calculated for different [Al(bppd)]+ geometries is the
relatively larger steric repulsion in complexes with the smaller, oxophilic Al(III) ion. The
2-pyridylmethyl groups are the substituents most likely to be displaced in aqueous
solution as the affinity of aluminum for neutral nitrogen donor groups is known to be
low.63 Indeed, the quantum mechanical calculations indicate that exchange of two
pyridine donor groups for two water molecules, Figure 15 (right), is favored in aqueous
solution by -0.7 kcal/mol. The G in solution for a [Al(bppd)(H2O)2]+ complex with two
uncoordinated pyridine groups is lower than the sum of free energies of two solvated
water molecules and a trans-O,O [Al(bppd)]+ complex with both pyridine groups
coordinated. This favorable free energy is driven by a favorable gas-phase energy (∆ESCF
= -3.9 kcal/mol), a favorable electron correlation energy (∆Ecorr = -9.4 kcal/mol) due to
the replacement of the Al–N bonds by Al–O bonds, and favorable intramolecular
pyridine-water hydrogen bonding interactions that is opposed by the de-solvation of two
water molecules (∆∆Gsolv = 12.6 kcal/mol). Thus, a plausible explanation of the NMR
results is that in solution the coordinated 2-pyridylmethyl groups are replaced by two
water molecules, Figure 15. This ligand exchange leads to a lower overall energy and a
trans-O,O isomer with C2 symmetry.

69

Figure 15. A comparison of the structures for six-coordinated trans-O,O [Al(bppd)]+ complexes with direct
pyridine-Al(III) bonding (left) and with both pyridine groups replaced by H 2O (right).

NMR spectroscopy. 1H and 13C NMR spectroscopy were used to characterize
metal-bppd2− complexes and discriminate between cis and trans geometric isomers. A
single species displaying C2 symmetry was observed for all metal complexes investigated
except for [Ga(bppd)]+, which displays 1H and 13C resonances characteristic of the
asymmetric cis-O,O; cis-Npy,Npy isomer. The all cis isomer is easily distinguished from
the trans- isomers because of an approximate doubling in the number of resonances
observed due to its lack of symmetry, Figure 16. Distinguishing between trans-O,O and
trans-Npy,Npy isomers, which both have C2 symmetry, is not possible using classical 1H
and 13C NMR spectroscopy; however, it is possible to distinguish between the two transisomers using 2D NOESY experiments.30
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Figure 16. 1H and 13C spectra, A and B, respectively, of trans-O,O [Co(bppd)]PF6 stacked above cis-O,O;
cis-Npy,Npy [Ga(bppd)]PF6 in D2O at 25 °C. For labeling see Figure 8.

The 1H NMR spectrum of H2bppd gives 8 resonances in the regions expected for
aromatic and aliphatic protons typical of pyridyl and methylene groups. The aromatic
protons at the ortho- and para- positions of the pyridine ring, H(1) and H(3), show 4JHH
coupling to protons across the ring, while the protons at the meta- positions, H(2) and
H(4), experience only 3JHH coupling to neighboring hydrogen atoms. The methylene
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protons, H(6), H(7), and H(9), are bound to prochiral carbon centers adjacent to the
amine nitrogen atoms. This allows for the possibility of resonances arising from both
Pro-R and Pro-S hydrogen atoms in a chiral environment.64 These protons are
isochronous enantiomeric pairs in the free ligand that give rise to singlets for H(6) and
H(7) and a triplet for H(9); however, they become anisochronous diastereotopic pairs in a
chiral environment.
The chirality of a ligand environment can change upon coordination to a metal ion
as observed in ligands that form chelate rings upon coordination.65-67 In the present case,
bppd2− forms five chelate rings upon coordination to a metal center in a distorted
octahedral geometry. This arrangement gives three sets of chelate rings that are both nonadjacent and non-coplanar around the metal center that introduces chirality and creates
non-equivalency at the methylene protons. Indeed, the presence of diastereotopic nuclei
is evident in the 1H NMR spectra of the Co(III), Ga(III), and In(III) complexes.
Coordination of bppd2− to Co(III), In(III), and Ga(III) gives rise to distinguishable
signals in their 1H NMR spectra for both Pro-R and Pro-S methylene protons. These
protons experience geminal couplings (2JHH) ranging from 8.5-20 Hz upon loss of
equivalency. The splitting patterns of the methylene resonances H(6) and H(7) as well as
H(17) and H(18) in the Ga(III) complex show AX-quartets with large chemical shift
separations, ∆δ. The signals for these protons are field dependent and the ∆δ values are
largest for the Co(III) complex. The protons of the diamine backbone, H(9) and H(11),
appear as complex multiplets in the Co(III) and Ga(III) complexes due to the presence of
both vicinal and geminal couplings. The resonances of the diamine backbone in the
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In(III) complex, however, are somewhat different. The pentuplet arising from H(10) is
slightly broadened and a return to equivalency is observed for H(9a,b), which appears as
a triplet.
The NMR spectra of the [Ga(bppd)]+ complex are complicated by the lack of
symmetry in the cation and the presence of diastereotopic protons. In the present study,
the well resolved nature of the 1H NMR and proton decoupled 13C NMR spectra provided
the opportunity to address these phenomenon using 2D COSY and 1H-13C-detected
HSQC techniques. Analysis of the results from these experiments provided complete
assignments for the spectra. Further, the spectra revealed that the [Ga(bppd)]PF6 product
from the bulk synthesis as well as the single crystals used for X-ray crystallographic
analysis contain a single species of C1 symmetry, i.e., the only cation present in solution
from isolated [Ga(bppd)]PF6 samples is the cis-O,O; cis-Npy,Npy isomer.
Distinguishing between trans-O,O and trans-Npy,Npy isomers in pseudooctahedral [M(bppd)]+ complexes, both of which display C2 symmetry, can be achieved
through the application of 2D NOESY experiments.30 The off-diagonal peaks in the
NOESY plots result from NOE correlations between hydrogen atoms that are within
close spatial proximity of each other. Both trans isomers are expected to show numerous
NOE correlations, some of which are unique while others are not. For example, the transO,O [Co(bppd)]PF6 complex shows a NOE correlation between the methylene protons of
the 2-pyridylmethyl groups, H(6), and the H(4) proton of the pyridine ring (Figure S6,
Appendix B). This correlation is not unique because it is expected in a NOESY plot for
the trans-Npy,Npy [Co(bppd)]PF6 complex and also observed in the NOESY plot for the
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cis-O,O; cis-Npy,Npy [Ga(bppd)]+ complex (Figure S7, Appendix B). The spatial
proximity of the definitive hydrogen atoms for the trans-O,O and trans-Npy,Npy isomers
of [Co(bppd)]+ and [In(bppd)]+ that are expected to give rise to unique NOE correlations
are given in Table 15. The anticipated NOE correlations were determined using the atom
coordinates of the energy minimized structures obtained from the ab initio Hartree Fock
HF/6-31G* calculations.
Table 15. Spatial proximity of definitive hydrogen atoms for trans-O,O and transNpy,Npy [Co(bppd)]+ and [In(bppd)]+; calculated nonbonding H–H distances in Åa
H(7) – H(10)

+

[M(bppd)] complex
trans -O,O [Co(bppd)]+

H(6) – H(10) H(1) – H(18)

2.39

4.38

5.93

2.51

4.38

6.35

trans -Npy,Npy [Co(bppd)]

4.45

2.14

2.88

+

4.42

2.20

3.62

+

trans -O,O [In(bppd)]

+

trans -Npy,Npy [In(bppd)]
a

Nonbonding H – H distances were calculated from the atom coordinates obtained in the ab initio
Hartree Fock HF/6-31G* calculations described above.

A unique NOE correlation exists between H(7a) of the acetate functionality of the
bppd2− ligand and H(10) of the central carbon in the propylene backbone of a trans-O,O
isomer because of their close proximity. This correlation is lacking in a trans-Npy,Npy
isomer because of greater spatial separation, Table 15. In complexes displaying a transNpy,Npy geometry, unique NOE correlations would be expected between H(6) of a 2pyridylmethyl group and H(10) of the propylene backbone as well as H(1) of a 2pyridylmethyl group and H(18) of the acetate group on the opposite amine nitrogen.
Complexes displaying a trans-O,O geometry would not be expected to show these NOE
correlations. Thus, it is these unique NOE correlations that can be used to definitively
distinguish between trans-O,O and trans-Npy,Npy [M(bppd)]+ isomers.
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The 2D NOESY spectrum for the trans-O,O [Co(bppd)]+ complex (Figure S6,
Appendix B) shows an off-diagonal peak arising from a NOE correlation between H(7a)
and H(10), which are separated by 2.39 Å. NOE correlations between H(6) – H(10) and
H(1) – H(18), separated by 4.38 Å and 5.95 Å, respectively, are not observed. The 2D
NOESY spectrum of the [In(bppd)]+ complex, Figure 17, which exhibits the smallest
differences in calculated free energies for the three possible isomers, is similar to that of
the [Co(bppd)]+ complex. The observed correlation between H(7a) and H(10), which are
in this case separated by 2.51 Å, is shown in green, while the correlation between H(6)
and H(4), which is not unique, is shown in purple. No NOE correlations are observed
between H(6) and H(10) at 4.38 Å or H(1) and H(18) at 6.35 Å. Thus, the NMR data
strongly suggest the presence of the trans-O,O [In(bppd)]+ isomer similar to that
observed for the [Co(bppd)]+ cation, which is consistent with G in solution values in
Table 12.
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Figure 17. A 2D NOESY plot for [In(bppd)]PF6 showing NOE correlations for the methylene protons of
the 2-pyridylmethyl group, H(6) (purple), and the acetate group, H(7) (green). Plot displays the 1H NMR
spectrum from 2.4 – 9.8 ppm on the x axis and 2.2 – 9.3 ppm on the y axis.

The investigated Ln(III) complexes all give rise to 8 broadened resonances in the
1

H NMR spectrum and 10 resonances in the 13C spectrum. The number of observed

resonances indicates the presence of a single species displaying C2 symmetry, while the
broadened 1H resonances signify the presence of a less rigid molecule.68 The methylene
protons assigned as H(6), H(7), and H(9) retain equivalency and appear as single
resonances in the 1H NMR spectrum, which is characteristic of an achiral environment.
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The broadened signals and observed equivalency in the methylene protons is suggestive
of a metal-bppd2− interaction that is predominately ionic. These findings are consistent
with the view that bppd2− adopts a nest-like structure when binding to Ln(III) ions and
that the metal-ligand bonding is non-directional.
The 1H and 13C NMR spectra for [Al(bppd)]PF6 are very similar to those for
[La(bppd)]PF6, but without line broadening of the 1H signals. The Al(III)-bppd2−
complex gives 8 1H and 10 13C resonances characteristic of a species with C2 symmetry.
The quantum mechanical calculations for a distorted octahedral [Al(bppd)]+ complex
indicate that, because of the steric repulsions between the pyridine rings, all three
possible isomers for a hexacoordinate bppd2− complex are considerably less energetically
favorable than a hexacoordinate Al(III) complex in which the 2-pyridylmethyl groups are
replaced by water, Figure 15. The trans-O,O [Al(bppd)(H2O)2]+ structure, which is the
energetically most favorable solution species, retains C2 symmetry and removes the steric
repulsion between the pyridine rings while allowing intramolecular hydrogen bonding
with the coordinated H2O molecules. The 1H NMR spectrum shows three sharp singlets
arising from the diastereotopic protons H(6), H(7), and H(9), which is either the result of
rapid conformational interchange on the NMR time scale causing signal averaging or
proton equivalency arising from a decrease in restricted motion about the diamine
nitrogens.69 In the di-aqua complex, this latter effect would be enhanced by the increased
mobility of the two uncoordinated 2-pyridylmethyl groups and is likely responsible for
the observed equivalency in the diastereotopic methylene proton signals.

CHAPTER SIX
METAL ION COMPLEXES OF N,N'-BIS(2-PYRIDYL-METHYL)-TRANS-1,2DIAMINOCYCLOHEXANE-N,N'-DIACETIC ACID (H2bpcd)
N,N'-bis(2-pyridylmethyl)-trans-1,2-diaminocyclohexane-N,N'-diacetic acid,
H2bpcd, is a symmetrically di-substituted diaminocarboxylic acid that features a rigid,
sterically focused cyclohexyl backbone. Steric focus can be used to improve complex
stability while simultaneously improving An(III)/Ln(III) selectivity as observed in 2pyridylmethyl di-substituted polyamine ligands.23 The incorporation of a cyclohexyl ring
into the classic ethylenediamine scaffold decreases ligand flexibility through restricted
bond rotation and pre-positions donor groups through the trans orientation of the amine
nitrogen atoms. This “focuses” the ligand in an arrangement favorable for chelation,
which consequently reduces the preorientation energy required for metal
complexation.21,22 The preorganizing effect of steric focus introduced through the ligand
backbone is further evidenced in complexation studies of trans-1,2-cyclohexanedinitrilotetraacetic acid (CDTA) with Am(III) and Cm(III).21 The inclusion of a cyclohexyl ring
in the backbone of CDTA restricts rotation about the C–C bond of the sp3 carbons
attached to the aliphatic nitrogen amines, whereas the ethylene bridge in the nonstericaly-focused EDTA ligand is unrestricted and rotates freely. This discrepancy in
restricted rotation accounts for the preorganizing effect in CDTA, which forms more
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stable complexes with Cm(III) as evidenced by a ∆G value that is 7.1 kJ/mol more
favorable than complexes of Cm(III) with EDTA.21,22
My interest in H2bpcd resides in its ability to pre-orient aromatic nitrogen and
acetate oxygen donor atoms in a manner advantageous for metal ion complexation
through its trans-1,2-cyclohexyl backbone. This unique alteration of the ligand backbone
may provide an avenue through which selectivity and complex stability can increase in
comparison to non-sterically-focused analogs, such as H2bped in the present case. When
considering this improvement, one can easily envision how sterically focused
polyaminocarboxylic acids might show improved extraction characteristics in
TALSPEAK-type solvent extractions for An(III)/Ln(III) separations. The present study is
therefore dedicated to exploring complexation properties of H2bpcd with various trivalent
metal ions to investigate the effect of altering the classic ethylenediamine backbone to a
more rigid cyclohexyl derivative.
The H2bpcd ligand features 2-pyridylmethyl substituents containing softer
aromatic N-donors to provide selectivity while also incorporating carboxylic acid
functionalities to improve overall complex stability. The trans-1,2-cyclohexyl ring of the
diamine backbone adopts a chair conformation that positions the aliphatic amine
nitrogens of the backbone in opposing spatial orientations. Both nitrogen atoms are
attached at the axial positions of neighboring carbon atoms in the backbone unit of the
cyclohexyl ring with one nitrogen atom oriented “up” above the plane of the backbone
and the other “down” below the plane of the backbone, Figure 18. The ligand remains in
this orientation because of restricted rotation about the ethylene bridge adjoining the
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amine nitrogen atoms. This allows the attached carboxylic acid functionalities to rotate
unconstrained above and below the N4 plane of the ligand in a trans position with respect
to each other. The ligand, therefore, favors a preorientation arrangement advantageous for
metal complexation as the trans-O,O geometric isomer. The diamino backbone unit
forms a 5-membered chelate ring upon complexation, which has been shown to be
favorable for larger metal ions. The H2bppd ligand, in contrast, forms a 6-membered
chelate ring in the diamine unit of its backbone, which has been shown to be favorable
for smaller metal ions.51,52

Figure 18. Molecular structure of H2bpcd showing trans orientation of aliphatic amine nitrogen atoms.

H2bpcd was previously prepared as part of a study on alkene oxidation catalysis
by iron(II) complexes of carboxylic moieties.36 The H2bpcd ligand was synthesized by
alkylation of bpmdac using tert-butyl 2-bromoacetate followed by hydrolysis using
trifluoroacetic acid. A heptacoordinated FeII complex of the H2bpcd ligand,
[FeII(H2bpcd)(C3H6O)](ClO4)2, was synthesized and structurally characterized by X-ray
crystallographic methods. The crystal structure shows the ligand coordinates as the transNpy, Npy geometric isomer with protonated carboxylic acid groups bound to the metal
through the C=O oxygen atoms.36 In the present case, H2bpcd was synthesized from
simpler starting materials using the facile, two-step procedure outlined in Scheme I,26 and
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hexacoordinated complexes of Ga(III)− and Co(III)−bpcd2− were structurally
characterized by direct X-ray methods.
The present study is therefore devoted to exploring coordination geometries and
spectral features of [M(bpcd)]+ complexes using IR, NMR, and X-ray crystallographic
methods. Complexes of bpcd2−, and their X-ray structures, were used comparatively with
previously reported results for similar H2bpad ligands to investigate the effect of adding a
sterically focused backbone on complex coordination and stability in metal− bpad2−
complexes.25,27,30 Correlations between spectral features of [M(bpcd)]+ and their X-ray
structures were used to evaluate the metal binding and coordination geometries in
isolated Ln(III)-bpcd2− compounds, for which no X-ray data was attainable. The
carboxylate binding modes and coordination geometries of the [Ln(bpcd)]+ complexes
were determined using IR and NMR spectroscopies.
Results
NMR Spectroscopy. The 1H and 13C NMR assignments for H2bpcd and the
trivalent metal−bpcd2− complexes were made on the basis of 2D COSY and HSQC
experiments. The COSY and HSQC experiments established the detected 1H-1H and 1H13

C correlations of the resonances observed in the 1H and 13C spectra. The 1H and 13C

NMR data obtained for H2bpcd and its Co(III), Ga(III), and Ln(III)s complexes are
presented in the experimental section in Chapter 3. All resonances observed for the ligand
and isolated metal compounds show the expected splitting patterns, intensities, and
chemical shifts characteristic of a polyaminocarboxylate ligand bearing the 2methylpyridyl functionality and a trans-1,2-diaminocyclohexane backbone, except in the
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case of [Nd(bpcd)]PF6. The 1H and 13C spectra for the metal complexes investigated
show a single species of C2 symmetry that is best described as the trans-O,O geometric
isomer.
H2bpcd shows 11 resonances in the 1H NMR spectrum at 50°C that appear at
decreasing field strength as follows: H(11) a triplet, H(10) a doublet, H(11) a doublet,
H(10) a doublet, H(9) a multiplet, H(6) an AX-quartet, H(7) a singlet, H(2) a triplet, H(4)
a doublet, H(3) a triplet, H(1) a doublet (for labeling, see Figure 9). In the 13C NMR
spectrum, 11 of a possible 22 resonances are observed in the expected regions (Appendix
A). The 1H NMR spectrum for [Co(bpcd)]PF6 is similar to that of the free ligand, and
shows 10 resonances with the characteristic splitting patterns at expected chemical shifts.
A 13C NMR spectrum of [Co(bpcd)]PF6, however, was not attainable due to the low
solubility of the compound despite trying numerous deuterated solvents, such as
acetonitrile-d3, methanol-d4, chloroform-d, dimethyl sulfoxide-d6, and deuterium oxide.
The [Ga(bpcd)]PF6 and [La(bpcd)]PF6 compounds show 9 and 10 resonances in
their 1H NMR spectrum and 11 of a possible 22 resonances in their 13C NMR spectrum,
respectively. The spectra for [Sm(bpcd)]PF6 is similar to that of [La(bpcd)]PF6 and
[Ga(bpcd)]PF6, but with increased line broadening and larger chemical shift separations
between methylene protons, ∆δ, due to paramagnetic contributions from the metal ion.
The [Sm(bpcd)]PF6 shows 12 resonances in its 1H NMR spectrum and 11 of a possible 22
resonances in its 13C NMR. The spectra for [Nd(bpcd)]PF6, however, is considerably
perturbed because the 4I9/2 ground state for Nd(III), which has a calculated magnetic
moment of μ = 3.62 μB, makes this complex ion strongly paramagnetic.70 The 1H NMR
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spectrum shows only 8 resonances at a wide range of uncharacteristic chemical shifts,
and the 13C NMR spectrum was unattainable because of the strong paramagnetic
contributions. All 1H and 13C NMR spectra for [M(bpcd)]+ compounds are given in
Appendix C.
X-ray Structure. X-ray quality crystals of [Co(bpcd)]PF6 and [Ga(bpcd)]PF6
were isolated from acetonitrile and D2O, respectively, using similar crystallization
techniques. Relevant bond distances and angles, Tables 6 and 10, as well as structural
representations, Figures 9 and 11, are given in Chapter 4. Additional information is also
available in the supporting information in Appendix C, Figures S8 and S9. The Ga(III)
and Co(III) compounds both crystallized in the orthorhombic space group Ibca. In each
instance the metal center is surrounded by the ligand in an approximately octahedral
environment of general formula N4O2. The coordination environment can be described as
trans-O,O with the acetate groups coordinated in a monodentate fashion. The bpcd2−
ligand in [Co(bpcd)]PF6; however, is coordinated as the trans-(1R,2R) enantiomer,
whereas the bpcd2− ligand in [Ga(bpcd)]PF6 is coordinated as the trans-(1S,2S)
enantiomer.
Infrared spectra. The infrared spectra of the isolated metal−bpcd2− compounds
are all very similar and exhibit absorption bands in regions characteristic of aromatic and
aliphatic stretching, bending and deformation modes, carboxylate stretching modes, and
frequencies associated with the PF6− anion, i.e., ~915, 840, and 555 cm-1.35 In the spectra
of the anhydrous Co(III) salt, the antisymmetric COO− stretching mode appears as a very
strong, featureless band in the 1700-1600 cm-1 region. The Ln(III) complexes, isolated as
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trihydrates, also exhibit absorption bands in regions characteristic of water of hydration
that is easily observed in the mull spectra.
Frequencies and tentative assignments of the absorption bands in the 3500-1300
cm-1 region of the IR spectra are given in the experimental section in Chapter 3 along
with the characterization data for each compound isolated. The antisymmetric COO−
stretching band is the strongest peak in the spectra and can be assigned empirically
without difficulty. The assignment of the symmetric stretching band, however, is
problematic. To alleviate the uncertainty associated with identifying the symmetric COO−
stretching band, the spectrum of [Co(bpcd)]+ was compared with the spectrum of the
Co(III) complex ion of the precursor diamine, [Co(bpmdac)Cl2]+. No bands in 1430-1200
cm-1 region, where a symmetric COO− stretching mode is expected to occur, appear in the
infrared spectrum of [Co(bpmdac)Cl2]+. This allows explicit identification and
assignment of the symmetric COO− stretching band for the [M(bpcd)]+ complexes
investigated. Carboxylate stretching frequencies along with the difference between the
antisymmetric and symmetric stretching bands, Δν, for the isolated [M(bpcd)]+
compounds are given in Table 16. The [M(bppd)]+ compounds, investigated previously in
Chapter 5, are also listed in Table 16 for comparative purposes.
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Table 16. Carboxylate stretching frequencies and ∆ν values for selected
[M(bpcd)]+ and [M(bppd)]+ complexes
2−

bpcd
metal
-1
ion
νa (COO ) νs (COO ) Δν (cm )

2−

bppd
-

-

-1

νa (COO ) νs (COO ) Δν (cm )

Na

+

1590

1408

182

1588

1405

183

Al3+

1709

1323

386

1670

1385

285

3+

1683

1326

357

1657

1342

315

3+

1670

1342

328

1683

1348

335

Co
Ga

3+

1636

1374

262

1644

1384

260

3+

1606

1414

192

1601

1413

188

3+

1604

1414

190

1599

1410

189

Nd

3+

1589

1416

173

1603

1414

189

Sm3+

In

La

Eu

1590

1414

176

1605

1416

189

3+

1597

1413

184

n.i.

n.i.

n.i

Dy3+

n.i.

n.i.

n.i.

1605

1414

191

Lu
*

n.i. indicates that a metal ion compound was not isolated for the indicated ligand

Discussion
NMR spectroscopy. The resonances arising from the 2-pyridylmethyl
functionality in the 1H NMR spectrum of the ligand, H(6) and H(1-4), are broadened and
poorly resolved at room temperature, which suggests restricted rotation within the
molecule. The 1H NMR spectrum of H2bpcd produces 10 sharp, well resolved resonances
with the expected splitting patterns when the sample is heated to 50°C. This observed
sharpening in resonances of the pendant arms at higher temperature is displayed in Figure
19. The sharp peaks at 50°C show the expected doublet-triplet-doublet-triplet splitting
pattern for H(1-4), and is likely the result of the thermal energy causing increased
rotation about the single bonds attaching the pendant groups. There is no line broadening
observed in the 1H resonances of the cyclohexyl backbone at room temperature, which
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strongly suggest this broadening in the aromatic region is due to hindered single bond
rotation and not slow ring inversion.

Figure 19. 1H NMR spectrum of H2bpcd from 7.8 – 9.2 ppm at 25°C (top) and 50°C (bottom).

The splitting patterns and chemical shifts of the resonances in the 1H and 13C
NMR spectra of the ligand are consistent with a species displaying C2 symmetry. The
methylene protons of the 2-pyridylmethyl group, H(6), give a splitting pattern typical of
an AX-quartet at all temperatures in the 1H NMR spectrum. This splitting pattern is a
result of geminal coupling between methylene protons on the same carbon atom, which is
characteristic for diastereotopic nuclei in a chiral environment. The 1H NMR spectrum of
the free ligand shows this coupling because of the presence of chiral centers at the two
neighboring carbon atoms in the diamine backbone of the ligand. This splitting pattern is
also observed in the 1H NMR spectrum of the parent diamine, bpmdac, for the methylene
protons of its 2-pyridylmethyl groups. The methylene protons of the carboxylic acid
moiety in H2bpcd, however, appear as a single peak. The absence of methylene coupling
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indicates the protons at H(7) are in an achiral environment. This discrepancy in
methylene coupling at H(6) and H(7) could be the result of steric restrictions created by
the bulky cyclohexyl backbone that are not observed in the carboxylic acid moiety
because of the ligand’s propensity to pre-orient as the trans-O,O geometric isomer.
The chirality of the ligand environment at both methylene positions, H(6) and
H(7), changes upon coordination to Co(III), Ga(III), Sm(III), and La(III), which is typical
for inorganic compounds with coordination geometries that feature the formation of
chelate rings.65-67 In the present case, bpcd2− forms five chelate rings upon coordination
that gives three sets of non-adjacent and non-coplanar chelate rings. This creates nonequivalency in the methylene protons of the acetate functionality, H(7), and allows for
the possibility of resonances arising from both Pro-R and Pro-S hydrogen atoms.64
Indeed, the presence of diastereotopic nuclei is evident in the splitting patterns observed
for H(7) in the 1H NMR spectra of the [M(bppd)]+ complexes investigated.
Classic 1D 1H and 13C NMR spectroscopy were used to characterize metal-bpcd2−
coordination and determine geometric isomers present in solution for each compound,
i.e., trans-O,O, and cis-O,O; cis-Npy, Npy. A single species displaying C2 symmetry was
observed for all metal complexes investigated indicating the presence of a trans isomer in
solution. For the Co(III) and Ga(III) complexes, which both crystallized as the trans-O,O
isomer, the resonances of the 1H and 13C NMR spectra support the structural
characterizations of the solid state complexes displayed in Figure 9 and Figure 11,
respectively. In addition, quantum mechanical calculations of the relative stabilities for
the all cis and trans-O,O isomers of [Ga(bpcd)]+ strongly suggest the trans-O,O isomer is
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the most energetically favorable. The calculations were carried out as described
previously in Chapter 5.26
Table 17. Calculated energies (kcal/mol), charges (a.u.), distances (Å), and angles (deg) for
[Ga(bpad)]+ cations

[Ga(bppd)]+ 6-31G*
-49.9

[Ga(bppd)]+ SDD
-57.8

[Ga(bpcd)]+ SDD

1.8

1.74

1.69

1.865
2.076
2.129

1.884
2.088
2.17

1.889
2.075
2.158

103.9

105.6

117.1

-54.8

-61.8

-4.9

-4

-70.6
-7.3

6.8

6

-2.3

-2.9

-0.4

-0.9

charge of Ma

1.77

1.75

1.7
1.71

M-O3d
M-O1d
M-N3d
M-N1d
M-N2d
M-N4d

1.87

1.86

1.86

1.879

1.895

1.892

2.096

2.188

2.163

2.025

2.027

2.037

2.148

2.193

2.209

2.118

2.155

2.142

97.9

100

115.1

Property

trans -O,O

Gsolv
a

charge of M
M-O
M-Npy
M-N

N-M-N angleb
Gsolv
Gsolv c

cis -O,O; cis -Npy,Npy

ESCF

c

Ecorrc
G in solution

N-M-O angle

c

b

-63.3

12
-3

a

Mulliken charge calculated for the complex in the gas-phase. b X-M-Y describes the open
angle formed by donor atoms trans to the N atoms of the diamine, where X = Npy or O and Y =
Npy or O. cRelative to the trans -O,O isomer. d For labeling, see Figure 9.

Coordination of bpcd2− to Ga(III), Sm(III), and La(III) gives rise to
distinguishable signals in the 1H NMR spectra for both Pro-R and Pro-S methylene
protons at H(7). The the Co(III) complex, however, does not show a distinguishable
splitting pattern for the diastereotopic protons of H(7), because the expected chemical
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shifts for these signals overlap with the chemical shift of the deuterated solvent, D2O. The
distinguishable H(7) proton signals in Ga(III), Sm(III), and La(III) show geminal
couplings (2JHH) of approximately 16 Hz upon loss of equivalency. Resonances arising
from these methylene protons split as AX-quartets with large chemical shift separations.
These resonances are field dependent, and the ∆δ values are largest for the Sm(III)
complex. The resonances of the AX-quartet in the Sm(III) complex, however, are
broadened due to paramagnetic contributions from the metal ion.
The 1H NMR spectrum of the diamagnetic [La(bpcd)]+ compound is very similar
to that of the [Ga(bpcd)]+ and [Co(bpcd)]+ compounds. The presence of a species
displaying C2 symmetry similar to the Co(III) and Ga(III) complexes, as well as
lanthanum’s preferences for a trans-O,O bpad2− ligand with space for additional water
molecules to coordinate,26 strongly suggest the presence of a trans-O,O geometric
isomer. In addition, the resonances of the 1H NMR spectrum of [La(bpcd)]+ are sharp and
well resolved, indicating a rigid structure in solution.68 The situation for the [La(bpcd)]+
compound, therefore, is considerably different than that of the [La(bppd)]+ compound.
The 1H NMR spectrum of [La(bppd)]+ at room temperature shows a smaller signal to
noise ratio with broadened resonances that do not show the expected methylene
couplings, indicative of a less rigid structure in solution. When comparing the 1H NMR
spectra of [La(bppd)]+ to [La(bpcd)]+, Figure 20, it is evident that the bpcd2− ligand forms
a much more rigid structure upon coordination to lanthanum. This suggests that the
binding pocket of bpcd2− better accommodates the larger La(III) ion to form a more
stable complex in solution.68,71
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Figure 20. 1H NMR spectra of [La(bppd)]+ (top) and [La(bpcd)]+ (below) at 25°C in D2O.

X-ray Structure. The cyclohexyl ring incorporated into the diamine unit of the
backbone in H2bpcd hinders the ligand’s flexibility. The bulkiness of the ring restricts
single bond rotations, which prearranges the pendant arms of the ligand into an
orientation favorable for metal complexation. In contrast, the ethyl and propyl
derivatives, H2bped and H2bppd, contain less bulky diamino backbones allowing for
improved flexibility that increases with chain length. The compounds [Ga(bpcd)]PF6 and
[Ga(bppd)]PF6, which crystalized as the trans-O,O and cis-O,O; cis-Npy,Npy geometric
isomers, respectively, further support this observation. In the bppd2− ligand, the pendant
arms are less constrained and capable of rearranging to coordinate as the all cis isomer,
whereas the bpcd2− ligand pre-orients the pendant arms into a configuration favorable for
trans-O,O coordination.
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In addition to the differences observed in the Ga(III) compounds, comparison of
the bond distances and angles in three similar Co(III)−bpad2− crystal structures,
[Co(bped)]+, [Co(bppd)]+, and [Co(bpcd)]+, show evidence of slightly different habits.
Selected bond distances and angles for all three Co(III)−bpad2− structures, which are
similarly coordinated as the trans-O,O geometric isomer, are given in Tables 18 and 19.

Table 18. Selected bond distances, parameters, and atomic positions for different
[Co(bpad)]+ structures
Bond (Å)

+a

+b

+c

+c

Co–Oac1
Co–Oac2

1.889 (2)

1.888 (2)

1.8899 (11)

1.8830 (11)

*

Co–Nam1

1.941 (2)

1.937 (2)

1.9625 (13)

1.9654 (12)

1.9548 (9)

Co–Nam2

1.974 (2)

1.941 (2)

1.9641 (13)

1.9645 (12)

*

Co–Npyr1

1.944 (2)

1.960 (2)

1.9484 (13)

1.9403 (13)

1.9448 (9)

Co–Npyr2

1.954 (2)

1.958 (2)

1.9397 (13)

1.9576 (13)

*

C–Oac1

1.294 (2)

1.298 (4)

1.2973 (18)

1.3054 (18) 1.3029 (13)

C=Oac1

1.212 (3)

1.218 (3)

1.2265 (18)

1.219 (2) 1.2212 (14)

C–Oac2

1.289 (3)

1.299 (3)

1.3035 (19)

1.2971 (19)

*

C=Oac2

1.210 (3)

1.213 (3)

1.2201 (19)

1.2246 (18)

*

0.000
293

0.012
293

0.0026 (6)
100

0.0030 (6)
100

0**
100

Co above N/N/N/N plane
Temp, K
a

Co(bped)
Co(bppd) 1 Co(bppd) 2
1.878 (2)
1.8828 (11)
1.8875 (10)

+

Co(bped)
1.888 (1)

Co(bpcd)
1.8868 (8)

Data obtained from Mandel et. al. 28 ; b Data obtained from Caravan et. al. 29 ; c Two cations in asymmetric unt; * N/A.

Symmetry equivalent; ** N/A Sits on a special position.

The Co–Nam bonds of the [Co(bpcd)]+ cation is slightly shorter than both Co–Nam
bonds reported for each [Co(bppd)]+ cation, and slightly larger than those reported for
both [Co(bped)]+ structures, Table 18. The Nam1–Co–Nam2 angle is also much closer to
the ideal 90° in the [Co(bpcd)]+ cation, while the Npyr1–Co–Npyr2 angle is larger than
those reported for [Co(bppd)]+ and one of the [Co(bped)]+ structures, Table 19. The
largest variation, however, is observed in the Oac1–Co–Oac2 angle, which is furthest from
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ideal in the [Co(bpcd)]+ cation. The 176.08(5)° angle is more acute than the 178.5°
average of the angles reported for the [Co(bped)]+ and [Co(bppd)]+ cations in Table 19.
In addition, the position of the CoIII atom in [Co(bpcd)]+ is ideally situated directly in the
N4 plane of the ligand, which is created by the two amine nitrogen and two pyridine
nitrogen atoms. The position of the CoIII atom in the other [Co(bpad)]+ structures,
however, is situated slightly above the N4 plane, except for one of the [Co(bped)]+ cations
in Table 18.
Table 19. Selected bond angles for different [Co(bpad)]+ structures
+a
+b
+c
+c
Angle (deg)
Co(bped)
Co(bped)
Co(bppd) 1 Co(bppd) 2

Co(bpcd)

Oac1 –Co–Oac2

178.8 (1)

178.53 (8)

178.47 (5)

178.36 (5)

176.08 (5)

Nam1 –Co–Nam2

82.0 (1)

88.87 (9)

95.91 (5)

95.92 (5)

89.33 (5)

Npyr1 –Co–N pyr2

82.3 (1)

107.01 (9)

98.52 (6)

98.55 (5)

106.74 (5)

Nam1 –Co–Npyr1

89.3 (1)

82.14 (9)

82.36 (5)

83.23 (5)

82.17 94)

Nam2 –Co–Npyr2

107.0 (1)

82.51 (9)

83.28 (6)

82.39 (5)

*

Nam1 –Co–Oac1

86.9 (1)

87.36 (9)

88.81 (5)

87.96 (5)

87.84 (4)

Npyr1 –Co–Oac1

92.8 (1)

92.34 (8)

86.51 (5)

87.72 (5)

89.92 (4)

124.4 (2)

123.9 (3)

123.87 (14)

123.80 (14) 124.95 (10)

124.7 (2)

124.8 (3)

123.95 (15)

123.82 (14)

116.4 (1)
115.9 (1)

116.4 (2)
115.3 (2)

114.32 (9)
115.11 (10)

115.33 (10)
114.38 (9)

O=C–Oac
C(O)–Oac–Co
a

+

114.57 (7)

Data obtained from Mandel et. al. 28 ; b Data obtained from Caravan et. al. 29 ; c Two cations in asymmetric

unt; * N/A. Symmetry equivalent; ** N/A Sits on a special position.

The slightly more acute Oac1–Co–Oac2 angle observed for [Co(bpcd)]+ is likely
related to the lack of flexibility in the bpcd2− ligand. In the [Co(bped)]+ and [Co(bppd)]+
structures, the greater flexibility of the ligands positions the acetate O atoms in more
ideal axial positions to create an Oac1–Co–Oac2 angle closer to 180°, whereas the donor
atom functionalities of bpcd2− are restrained by the bulky cyclohexyl ring. The backbone
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of bpcd2− restricts single bond rotation about the C–C ethylene bridge and locks the
aliphatic amine nitrogens, which are bound to the carboxylate functionalities, into a
preoriented trans position. The bpcd2− ligand, therefore, can be thought of as adopting
more of a “nest-like” trans-O,O conformation, which is also evident in the large open
angle, Npy–M–Npy, observed in the [Co(bpcd)]+ and [Ga(bpcd)]+ structures at 106.74 (5)°
and 114.95 (6)°, respectively. This “nest-like” trans-O,O conformation is very rigid, and
produces sharp peaks in the 1H NMR spectra of the diamagnetic [La(bpcd)]+. In contrast,
the large size of the La(III) ion forces the non-sterically-hindered bppd2− ligand into a
more “nest-like” conformation with a larger open angle in order to satisfy its preferred
coordination number of 8 or 9, which destabilizes the complex in solution creating a less
rigid structure with line broadening observed in the 1H NMR spectrum,26,68 see Figure 20.
This indicates that the sterically focused H2bpcd ligand is better suited for chelation of
larger Ln(III) and An(III) ions because of its propensity to adopt a “nest-like” trans-O,O
conformation.
Infrared Spectra. Monodentate coordination of a single acetate oxygen atom is
expected to result in an increase in the magnitude of Δν compared to that for ionic salts
and other types of acetate complexation, as previously discussed in Chapter 5. The IR
results in Table 16 for [Co(bpcd)]PF6 and group 13 [M(bpcd)]PF6 complexes, Al(III),
Ga(III), and In(III), show a significant increase in the antisymmetric stretching frequency
and large Δν values (386-262 cm-1) that demonstrate this behavior. This separation is
smallest for [In(bpcd)]PF6 and increases linearly with ionic potential, Ф, within this small
group of metal ions. This increase in Δν is likely the result of greater electrostatic
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attraction between the negatively charged bpcd2− anion and cations carrying a more
positive ionic potential.
The slope of the line determined from the plot of Δν versus ionic potential for
these [M(bpcd)]+ compounds, however, is greater than the slope of the line determined
when plotting reported Δν values versus ionic potential for similar [M(bped)]+
compounds, Figure 21.27 The increased slope and larger Δν values observed for the
[M(bpcd)]+ complexes are indicative of stronger monodentate coordination in the acetate
functionalities compared to the [M(bped)]+ complexes reported by Caravan et. al.
Monodentate coordination to a metal ion destabilizes the resonance of the acetate groups,
which alters the C−O and C=O bond character so that the force constant of the
antisymmetric stretch increases and the force constant of the symmetric stretch decreases,
resulting in shifts to higher and lower wave numbers, respectively.59 When a
monodentate coordinated acetate group is stabilized by a C−O bond that is more single
bond in character and a C=O bond that is more double bond in character, the magnitude
of Δν increases.59 Thus, the magnitude of Δν in monodentate coordinated complexes of
similar species can be compared to make predictions about the overall binding strength of
the acetate groups in related H2bpad ligands. In the present case, monodentate
coordination of the acetate groups is best stabilized in the solid state for complexes of
bpcd2− for Co(III), Al(III), Ga(III), and In(III).
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Figure 21. Plot of ∆ν vs. Ф for Al(III), Co(III), Ga(III), and In(III) [M(bpcd)] + compounds (red)
and reported ∆ν values vs. Ф for Al(III) and In(III) [M(bped)] + compounds (black).

The situation for the lanthanide compounds, however, is considerably different
than the situation for the Co(III) and group 13 compounds. The spectra for all the
[Ln(bpcd)]+ complexes investigated are very similar to the spectra for the [Ln(bppd)]+
compounds reported in Chapter 5. The calculated Δν values in Table 16 lie within
experimental error of the ranges expected for three idealized bonding modes:
monodentate, bridging, and ionic. The symmetric COO− stretching bands are shifted
towards higher frequency while the antisymmetric COO− stretching bands are either
shifted slightly toward higher frequencies or not shifted at all. The separation between the
two bands, thus, varies significantly with respect to the separation observed in the ionic
sodium salt, which is unexpected. The lack in sensitivity of the antisymmetric stretching
band suggest that the acetate groups are not coordinated in a monodentate fashion. Bands
assigned to this stretching mode typically experience a larger shift upon monodentate
coordination,59 as observed in the complexes of the non-lanthanide metal compounds.
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The Δν values for the lanthanide-bpcd2− compounds given in Table 16 vary
between 173 and 192 cm-1, which lies within experimental error of the Δν value
determined for the sodium salt of H2bpcd (182 cm-1). This suggests that the
lanthanide−COO− bonding is predominately ionic, as observed for the [Ln(bppd)]+
compounds reported in Table 11 in Chapter 5. This assessment is further supported by the
strong ionic nature of the bonding of f-element cations in aqueous solution with
aminopolycarboxylate ligands,62 as well as the quantum mechanical calculations for the
related [La(bppd)]+ given in Table 12 in Chapter 5.

CHAPTER SEVEN
CONCLUSIONS
Different types of carboxylate binding modes were determined from the
separation between the antisymmetric and symmetric COO− stretching frequencies, Δν =
νa(COO−) – νs(COO−), in [M(bpad)]+ complexes investigated for H2bppd and H2bpcd.
The acetate groups in the Al(III), Ga(III), In(III), and Co(III), metal-bpad2− complexes
are bound in a monodentate fashion whereas the binding in the [Ln(bpad)]+ complexes is
predominately ionic. The Co(III) and group 13 metal complexes of bpcd2− show
increasing Δν values corresponding to increases in ionic potential, Ф. The slope
determined from the plot of Δν versus ionic potential for these metal ions suggest greater
stabilization of the monodentate coordinated acetate groups in [M(bpcd)]+ complexes
compared to those reported for group 13 complexes of the non-sterically-focused bped2−
ligand in the solid state.
The presence of cis and trans geometric isomers in solution for [M(bpad)]+
complexes was determined using NMR spectroscopy. Classic 1D 1H and 13C NMR was
used to differentiate between cis-O,O; cis-Npy,Npy (C1 symmetry) and both trans isomers
for pseudo-octahedral metal-bpad2− complexes. Distinguishing between trans-O,O and
trans-Npy,Npy isomers, which both have C2 symmetry, is not possible using classical 1H
and 13C NMR spectroscopy, however, it is possible to distinguish between the two trans
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isomers using 2D NOESY experiments. This systematic evaluation is useful for
compounds in which X-ray crystallographic data is unattainable.
A cis-O,O; cis-Npy,Npy complex was observed in the solid state for [Ga(bppd)]+,
and its structure was determined using direct X-ray methods. The trans-O,O isomer was
observed in the crystal structures solved for [Co(bppd)]+, [Co(bpcd)]+, and [Ga(bpcd)]+.
The Co(III) structures of bppd2− and bpcd2− are very similar to the reported structures for
[Co(bped)]+ with slight variations in their respective bond distances and angles.23,27,28 The
structural information determined from the X-ray crystallographic analyses was used in
conjunction with spectral features of [M(bpad)]+ complexes to develop a criteria for
evaluating the metal binding and coordination geometries in isolated Ln(III)-bpad2−
compounds, for which no X-ray data was attainable.
Quantum mechanical calculations were used to gain insight into the relative
stability of the geometric isomers and the type of metal-ligand bonding as well as
changes in ligand denticity, [Al(bppd)]+, and metal coordination numbers,
[Ln(bppd)(H2O)2]+. The experimental methods presented in this study were used to
evaluate trivalent metal ion coordination in the small group of polyaminocarboxylic
acids, of general formula H2bpad, under consideration as potential solvent extraction
reagents for nuclear waste reprocessing.

APPENDIX A
1

H AND 13C NMR SPECTRA OF SYNTHESIZED LIGANDS
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Figure S1. Thermal displacement plot (50%) of the [Ga(bppd)] + cation and PF6– anion. H atoms are shown
as circles of arbitrary size.
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Figure S2. 2D COSY plot of cis-O,O; cis-Npy,Npy [Ga(bppd)]PF6 showing methylene couplings and
connectivity for protons H(6) (purple), H(7) (green), H(17) (orange), and H(18) (burgundy). Plot displays
1
H NMR spectrum from 3.0 – 5.4 ppm on the x axis and 2.4 – 5.6 ppm on the y axis.
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Figure S3. 2D COSY plot of cis-O,O; cis-Npy,Npy [Ga(bppd)]PF6 showing couplings and connectivity for
pyridine protons H(1-4) and H(12-14). Plot displays 1H NMR spectrum from 6.8 – 9.2 ppm on the x axis
and 6.2 – 9.4 ppm on the y axis.

121

Figure S4. 2D HSQC plot of trans-O,O [Co(bppd)]PF6 showing 1H to 13C connectivity. The plot displays
the 1H NMR spectrum from 2.5 – 9.2 ppm above the x axis versus the 13C chemical shifts from 0 – 160
ppm on the y axis. The connectivity for the sp2 and sp3 hybridized carbon atoms are shown in red and blue,
respectively.
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Figure S5. 2D HSQC plot of cis-O,O; cis-Npy,Npy [Ga(bppd)]PF6 showing 1H to 13C connectivity. The plot
displays the 1H NMR spectrum from 2.0 – 9.0 ppm above the x axis versus the 13C chemical shifts from 0 –
160 ppm on the y axis. The connectivity for the sp 2 and sp3 hybridized carbon atoms are shown in red and
blue, respectively.
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Figure S6. A 2D NOESY plot for trans-O,O [Co(bppd)]PF6 showing NOE correlations for the methylene
protons of the 2-pyridylmethyl group, H(6) (purple), and the acetate group, H(7) (green). The plot displays
the 1H NMR spectrum from 2.4 – 9.8 ppm on the x axis and 2.2 – 9.3 ppm on the y axis.
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Figure S7. 2D NOESY plot of cis-O,O; cis-Npy,Npy [Ga(bppd)]PF6 showing NOE correlations and
connectivity for protons H(17) (orange), H(6) (purple), H(7) (green), and H(18) (burgandy). The plot
displays 1H NMR spectrum from 2.0 – 9.4 ppm on both axes.
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Figure S8. Thermal displacement plot (50%) of the [Ga(bpcd)]+ cation and PF6– anion. H atoms
are shown as circles of arbitrary size.
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Figure S9. Thermal displacement plot (50%) of the [Co(bpcd)]+ cation and PF6– anion. H atoms are shown
as circles of arbitrary size.
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Figure S10. 2D COSY plot of H2bpcd showing couplings and connectivity for the protons of the cyclohexyl
backbone ring H(9-11). Resonances numbered in red represent signals arising from protons at axial
positions, whereas resonances numbered in blue represent signals arising from protons at equatorial
positions. Plot displays 1H NMR spectrum from 1.2 – 3.6 ppm on both the x axis and y axis.
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Figure S11. 2D COSY plot of H2bpcd showing couplings and connectivity for the protons of the
cyclohexyl backbone ring H(1-4). Plot displays 1H NMR spectrum from 1.2 – 3.6 ppm on both the x axis
and y axis.
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